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Biohydrogen and Biomethane Production 
by Co-Fermentation of Food Waste and Paper Waste 
Using Two-Phase Anaerobic Digestion Process 
 
ABSTRACT 
This dissertation was composed with the background issues of the urgent necessity to replace fossil 
fuels by renewable energy sources and the explosive municipal solid waste (MSW) generation. 
Hythane, a gas mixture of hydrogen and methane, has been regarded as the significant type of fuel 
on the way to practically fully realizing the hydrogen society. In the upcoming future, paper waste 
(PW) will increase to be the second greatest category of MSW, which will be matchable to food 
waste (FW). Faced with the problems of energy and environment, generating biohythane from FW 
and PW would be the closest solution. 
Two-phase anaerobic digestion is a promising technique that can produce hydrogen and methane 
simultaneously. By controlling the operating parameters, such as temperature, hydraulic retention 
time and recirculation, acidogenic phase and methanogenic phase could be separated and 
distributed to the two reactors in the two-phase anaerobic digestion process. However, there is a 
void in the current knowledge of the effect of PW content on continuous two-phase process and 
the stable production of biohythane. Hence, following researches were systematically conducted 
to develop a two-phase process with stable biohythane production from the anaerobic co-digestion 
of FW and PW. 
The first study in this dissertation, as shown in Chapter 3, investigated the effect of PW content on 
the two-phase process. The organic fraction of MSW (OFMSW) consisting of 0%, 20%, 40% and 
50% PW (on total solids) was prepared. Stable performance was observed in the long-term 
operation for PW ≤ 40%, with VS removals around 80%. When fed with 50% PW, the VS 
(volatile solids) removal rate decreased by 8% and the methanogenic reactor required extra 
NH4HCO3 addition. The ultimate concentrations under the steady state were predicted by 
simulation using the data from the transient state. Little difference was found between the 
simulated values and those obtained from experimental steady state. A comparison of the two 
alkalinity contributors and ammonia revealed that ammonia was the major contributor for pH-
buffering alkalinity. The calculated microbial yield coefficients indicated that a higher C/N ratio 
in the feedstock stimulated the microbial yields and exacerbated the nitrogen deficiency. Energy 
estimations suggested that significant improvements on the determined amount of FW occurred 
only when PW content was higher than 40%. Finally, it was determined that the upper limit for 
PW was 40% and provided the optimal energy-economic value for two-phase anaerobic digestion 
of OFMSW. 
The second study in this dissertation, as shown in Chapter 4, focused on upgrading the function of 
two-phase process from biomethane production to biohythane production by adjusting the 
recirculation ratio in two-phase process. The recirculated two-phase anaerobic digestion (R-TPAD) 
process was started up and operated with a recirculation ratio (R) of 1, and both stages produced 
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methane. In order to acidify the first stage, recirculation was stopped until the production of 
hydrogen started. The R was ultimately adjusted to 0.4, and the process obtained stable hydrogen 
and methane production thereafter. The removal efficiencies of VS in the R-TPAD process were 
as high as 84.9%. In the R-TPAD process, the hydrogen production yield was 49.9 L/kg-VSfed with 
an efficiency of 2.405 mol-H2/mol-hexosereduced. The hythane production rate was 1.623 L-
hythane/L-reactor/d, with a hydrogen content of 10.5%. This study showed that transforming the 
function of the R-TPAD process was feasible by adjusting R with observations on hydrogen 
contents and pH. A pH lower than 5.0 was suitable for continuous hydrogen production.  
Last but not the least, the third study in this dissertation, as shown in Chapter 5, investigated the 
effect of PW content on the biohythane production in the recirculated two-phase process, by 
combining the feeding conditions applied in the first study and the recirculated two-phase system 
obtained from the second study. The feeding mixtures consisting of 0%, 20%, 40% and 50% (on 
total solids) of PW and the rest of FW were put into R-TPAD. As a result, stable performance of 
biogas production was observed in the long-term operation. The process achieved the organic 
removals more than 78% of the volatile solids and 89% of total carbohydrates. Hythane was 
harvested from the R-TPAD with the hydrogen content of 10~20%. The PW content elevated the 
butyrate-to-acetate ratios in the dark fermentation for hydrogen production. Adding PW into would 
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1.1 Research background 
Human beings are facing two fatal crisis on the way of developing: the exhaustion of fossil 
fuels and the worsening global environment. Intergovernmental Panel on Climate Change 
(IPCC) has pointed out that it is urgently required to reduce the dependence on fossil fuels in 
the former energy structure and economic structure by promoting the occupation of 
renewable energy (IPCC, 2014). Compared to fossil fuel energy, renewable energy releases 
no extra carbon dioxide to the atmosphere. Its property of renewability perfectly suits the 
goal of sustainable developing in the future of human beings. 
 
Fig 1.1 Biofuel is the irreplaceable type of renewable energy.  
Renewable energy has a wide extension, including but not limited to hydraulic energy, tidal 
energy, solar energy, wind energy, geothermal energy, nuclear energy and bioenergy. Most of 
these are directly converted into electricity to be transmitted to electric network. Bioenergy 
is the unique type that has real substance to be its carrier, which is biofuel, which means it 
could be stored before use. As shown in Fig 1.2, the two type of power with the highest 
specific energy, combustion engine and fuel cells, cannot work without fuels. The researches 
















Fig 1.2 A simplified Ragone plot. (Winter and Brodd, 2004) 
It is considered that biogas has more advantages. First, unlike the other types of biofuel, being 
the gaseous characteristic renders the biogas free of the extraction or distillation from the 
liquid phase after the production. Second, it could be more easily compressed and then 
transported in the present gas network. Third, its virtual content, majorly referring to 
biomethane and biohydrogen, could serve as the raw materials for chemical engineering. 
Cheap catalysts have been found to synthesize ethane or ethylene from methane (Farrell et 
al., 2016; Ito and Lunsford, 1985; Meng and Sanger, 1987). Also, biomethane has a promising 
role as the electron donor for denitrification in the environmental engineering (Wang et al., 
2017; Zhu et al., 2016). These path of biomethane utilization exhibits the ideas of material 
reusing in the 3Rs: reduce, reuse and recycle. 
Anaerobic digestion is an ancient but advancing technology. It reduces organic matters in 
biomass. It recycles biogas with mild conditions, i.e. the temperature below 100 °C and the 
normal pressure as the atmosphere. It is the technology that converts biomass into biogas and 
realizes the 2Rs in the 3Rs. It is widely applied on the reduction of waste biomass, meanwhile 







































Fig 1.3 Typical classification of biofuels. 
 
Waste is produced wherever there is human activity. The urbanization even accelerates the 
waste production, especially for municipal solid waste (MSW). Approximately 1.3 billion 
tons of MSW was produced around the world in 2010 and the annual production was 
estimated to grow to 2.3 billion in 2025 (Hoornweg, Daniel and Bhada-Tata, Perinaz, 2012). 
MSW could be coarsely classified into these categories: organic waste, paper, plastics, glass, 
metal and others. They are generally separated manually at the source or by optical mechanics 
in the collecting center. Along with the trend of diverting the focus of human activity to the 
urban area, paper is becoming the second major solid waste, following the organic waste, in 
MSW. Factually, there is no legible boundary to distinguish paper from organic waste since 
paper products, such as tissue and paper bags, could be easily found in organic waste. So 
paper and organic waste are combined to be called the organic fraction of MSW (OFMSW). 
The anaerobic digestion of organic waste has been widely investigated and applied around 
the world. There comes some unknown questions about whether the complete separation of 
paper from OFMSW is necessary and how the paper fraction influences the anaerobic 
digestion of OFMSW. The effect of paper waste content on the anaerobic digestion will be 














Fig 1.4 MSW composition by income of the countries and year.(Hoornweg, Daniel and 
Bhada-Tata, Perinaz, 2012) 
5 
 
Hydrogen energy is energy of the future. In the recent trend of researches, hythane 
(hydromethane or hydrogen enriched compressed natural gas), the gas mixture of hydrogen 
and methane, is regarded as the important bridge fuel to connect the current type of energy 
consuming structure to the future type (Villante and Genovese, 2012). It has been reported 
that hythane released less air-pollution gas and enhanced the combustion efficiency in the 
gas engine (Mehra et al., 2017). Recent studies confirmed that the hythane that was suitable 
for the incineration turbine could be produced by two-phase anaerobic digestion (Zhang et 
al., 2017b, 2017a). 
Faced with the severe situations of waste production and fuel exhaustion in the upcoming 
future, this dissertation aimed at developing a two-phase process for the continuous 
biohythane production from OFMSW. 
 
1.2 Structure of dissertation  
This dissertation includes 6 chapters.  
Chapter 1 narrates a general background to emphasize the significance of waste-to-energy 
technology and lists the structure of the dissertation. 
Chapter 2 presents the fundamentals for studying anaerobic digestion and reviews the 
previous literatures on the anaerobic treatment of paper waste and the two-phase anaerobic 
digestion.  
Chapter 3 describes the study on the effect of paper waste content on the two-phase anaerobic 
digestion for biomethane production. A two-phase anaerobic process was fed with OFMSW 
which contained different content of paper waste. The long-term performance, effluent 
quality, ammonia/alkalinity balance and microbial yields were discussed. 
Chapter 4 discusses the study on upgrade biogas production from biomethane production into 
biohythane production by adjusting the recirculation ratio in the recirculated two-phase 
process. Two series of two-stage processes were operated in parallel to investigate the effect 
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of recirculation ratio (R) on the functions of the two-stage process. By observing the pH and 
hydrogen content in the gas phase, the R was adjusted to 0.4 to obtain the stable production 
of biohythane. 
 
Fig 1.5 Technical map for the dissertation 
 
Chapter 5 describes the study on the effect of paper waste content on the recirculated two-
phase anaerobic digestion for biohythane production. The adjusted two-phase process was 
obtained and then fed with OFMSW containing paper waste. The long-term performance, 
organic removals, mechanisms of phase separation and dark fermentation, and biohythane 




Chapter 3 Effect of 
paper waste content on
two-phase process for 
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Chapter 4 Upgrading 




Chapter 5 Effect of paper waste 
content on recirculated two-





Chapter 6 summarizes the conclusions of these researches and briefly portrays a future vision 
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Fundamentals and literature review 
 
2.1 Fundamentals of anaerobic digestion 
2.1.1 Stoichiometry  
Given the chemical formula of one organic compound, the chemical reaction equation of the 





















where a, b, c and d are the coefficients of C, H, O and N in the formula of the organics, 
respectively. 
Ignoring the nitrate and nitrite, the major nitrogen contents in the feeding materials are in the 
forms of amino-group in the organics and ammonia. After anaerobic degradation, both forms 
of nitrogen are converted to ammonia in the liquid. The ammonia would continue to react 
with carbonic acid in the liquid so the product of degrading organic nitrogen in the reaction 
equation was written in the form of ammonium bicarbonate. 
Generally, analyzing the elements contents in the organic compounds via combustion method 
gives the results of carbon, hydrogen, oxygen, nitrogen and sulphur contents. Thus, the 














































where e is the coefficient of S in the formula of the organics, ξ is the average oxidation state 
of C in the formula of the organics, aξ = ‒ b + 2c + 3d + 2e. 
Still, when discussing the microbe yields in the anaerobic digestion, it is inevitable to 
introduce the chemical formula of the microorganisms in anaerobic digestion, which is 
C5H7NO2. Common recognition is lacking on the sulphur contents of the microorganisms 
under the condition of anaerobic digestion. So, the coefficient x in such a chemical formula 
as C5H7NO2Sx is not fixed and the Eq 2.2 is hard to be used when discussing microbial 
proliferation. In addition, the products of sulfide have different distributions in the gas, liquid 
and the precipitated solids. Especially in the liquid, due to the first ionization constant of pKa 
around 7.0, the ratio of HS-/H2S ranges dramatically in the pH range of 7.0-8.0, which is the 
general pH range of well-operated anaerobic digestion (methanogenic condition). Thus, the 
detailed form of hydrogen sulfide in the products is hardly unified. Under these 
considerations, the effect of sulphur was not included in general discussions. 
The coefficient in the anaerobic digestion of some common organics or materials were listed 
in Table 2.1. Carbohydrates, proteins and lipids are the three major components in the 
subjects of anaerobic digestion. Carbohydrates, i.e. polysaccharides, has the members of 
glucose, fructose, xylose, arabinose, maltose, sucrose, lactose, starch, hemicellulose, 
cellulose, etc. They or their monomers have the common chemical structure of poly-hydroxy 
aldehyde or poly-hydroxy ketone. Most of the natural monosaccharides belong to hexose 






Table 2.1 Reaction coefficients for anaerobic digestion of common organics. 
 reactants products water 
demand 
biogas production ammonia/alkalinity 
production 












formic acid CH2O2 ‒0.5 0.25 0.75 - - ‒196 487 122 25.00 - - 
acetic acid C2H4O2 0 1 1 - - 0 746 373 50.00 - - 
propionic acid C3H6O2 0.5 1.75 1.25 - - 121 907 529 58.33 - - 
butyric acid C4H8O2 1 2.5 1.5 - - 204 1017 636 62.50 - - 
valeric acid C5H10O2 1.5 3.25 1.75 - - 264 1097 713 65.00 - - 
caproic acid C6H12O2 2 4 2 - - 310 1157 771 66.67 - - 
lactic acid C3H6O3 0 1.5 1.5 - - 0 746 373 50.00 - - 
ethanol C2H5OH 0 1.5 0.5 - - 0 972 729 75.00 - - 
cells (WAS*) C5H7O2N 4 2.5 1.5 1 1 637 792 495 62.50 124 442 
glucose C6H12O6 0 3 3 - - 0 746 373 50.00 - - 
cellulose/starch 1/n(C6H10O5)n 1 3 3 - - 111 829 414 50.00 - - 
protein C16H24O5N4 10.5 8.25 3.75 4 4 741 763 524 68.75 159 568 
lipid C50H90O6 24.5 34.75 15.25 - - 560 1423 989 69.50 - - 
primary sludge C22H39O10N 9 13 8 1 1 339 985 610 61.90 29 105 
sewage sludge C10H19O3N 5.5 6.25 2.75 1 1 492 1002 696 69.44 70 248 
night soil C7H12O4N 3.8 3.625 2.375 1 1 388 772 466 60.42 80 287 
cow waste C22H31O11N 10.5 11.75 9.25 1 1 389 969 542 55.95 29 103 
kitchen waste C17H29O10N 6.5 9.25 6.75 1 1 287 880 509 57.81 34 123 
food waste C46H73O31N 14 24 21 1 1 222 887 473 53.33 12 44 
paper waste C266H434O210N 54.25 134.375 130.625 1 1 139 847 430 50.71 2 7 






Fig 2.1 Different projections of glucose: (a) Fischer projection, (b) Haworth projection, and 
(c) chair form. 
 









where m and n are the coefficients of C and (H2O) in the formula of the carbohydrate, 
respectively. 
According to their chemical formula, the average oxidation states of carbon are 0. Thus, when 
Eq 2.3 was used to describe the anaerobic degradation of carbohydrates, the ratios of methane 
to carbon dioxide is the fixed value of 1:1.  
Proteins is the important component of the materials for anaerobic digestion because it could 
bring in alkalinity to the anaerobic digestion system. Proteins are dehydrated from diverse α-
amino acids. Apart from the amino group and the carboxyl group, the carbon chain of the 
amino acids consists of either methyl (-CH3), methylene (>CH2) or methenyl (>CH-). So the 
ratios of methane to carbon dioxide in the degradation products of proteins are higher than 1. 
When considering the carbon dioxide that has reacted with ammonia, the decrease in carbon 




Lipids is also the important substance for creatures but in the waste biomass it majorly refer 
to fat, i.e. tri-acyl-glycerol, which is dehydrated from glycerol and long-chain fatty acids. 
Most carbons in the carbon chain are saturated so the ratios of methane to carbon dioxide in 
the degradation products of lipids are also higher than 1. According to Table 2.1, lipids has 
high potentials of methane yields but it is not the typical target of anaerobic digestion. The 
major problems are 1) its hydrophobic nature that affects the mass transfer in the liquid and 
2) its inhibition effect on the methanogens. Faced with oily waste, physical separation or 
pyrolysis are more addressed to recover the bioenergy, which is beyond the consideration of 
this dissertation. 
According to Eq 2.1, the theoretical methane production, theoretical water demand, 
theoretical biogas production, theoretical methane production, theoretical biogas contents, 
theoretical ammonia production and theoretical alkalinity production could be calculated. 
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VS]-/gCaCO-[g production Alkalinity 3 
 (2.9) 
where M is the relative molecular mass of CaHbOcNdSe, M =12a + b + 16c + 14d + 32e. 
As an oxidation-reduction reaction, the essence of anaerobic digestion is the 
disproportionation of carbons into methane and the rest into carbon dioxide. From the view 
of electron conservation in chemical reactions, the electrons in the organics as the reactants 
are all transferred to methane as the product. Practically, the electrons in the organics are 
measured and presented in chemical oxygen demand (COD). Supposing that the oxidants, or 
K2Cr2O7 in the field of anaerobic digestion, could oxidize 100% of carbon but none of 
nitrogen and sulphur, the amount of COD would be equal to the value that was converted 
from the theoretical methane yield. 
If the microbial yield is considered, the carbon source, the nitrogen source and the electron 
donor could be deducted from the degradation products. Generally, the microbial yield were 





















(   d
dcbadcba  (2.10) 
where ε is the molar coefficient for microbial yields to the formula of the organics. 
 
2.1.2 Four steps in anaerobic digestion 
Anaerobic digestion comprises of a network of reactions. They could be majorly divided into 
four steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis. By the concept of 
two-phase anaerobic digestion, hydrolysis and acidogenesis belong to acidogenic phase, and 
acetogenesis and methanogenesis belong to methanogenic phase. The phase separation 
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mainly refers to eliminating the methanogenesis from a reactor so that acidogenesis 
dominates this reactor with the intermediate products of organic acids accumulated.  
2.1.2.1 Hydrolysis 
Hydrolysis involves various reactions that convert organic polymers into monomers. 
Polysaccharides are hydrolyzed into monosaccharides. Proteins are hydrolyzed into 
polypeptide and finally α-amino acids. Lipids, generally referring to fat, are hydrolyzed into  
 
Fig 2.2 General reactions in anaerobic digestion. 
 
glycerol and long-chain fatty acids. The general cellulose-hydrolyzing bacteria are 
Acetivibrio sp., Bacteroides sp., Cellulonomas sp., Clostridium sp., Ruminococcus sp., 
Spirochaeta sp., etc. Fungi is also considered to contribute to the hydrolysis of cellulose. The 
general protein-degrading bacteria are Bacteroides sp., Clostridium sp., Peptococcus sp., 
Bacterium sp., Bacillus sp., Thermobacteroides sp., etc. Hydrolysis is generally performed 































where rhydrolysis is the reaction rate of hydrolysis, c is the instantaneous concentration of the 
polymer, t is the time, and khydrolysis is the rate constant for the hydrolysis. 
The phenomenon of hydrolysis is making the polymers soluble in the liquid. But it does not 
necessarily mean that they become soluble only when the organics are fully hydrolyzed. For 
instance, starch can be hydrolyzed into maltose, which is soluble, but maltose is not the final 
product of hydrolyzing starch. Theoretically, during hydrolysis, the COD will remain 
constant if the loss of water is ignored. Whereas, the TS will increase owing to the increase 
of VS because the originally dehydrated water were added back onto the organics. 
2.1.2.2 Acidogenesis 
Literally, acidogenesis refers to the reactions that produce organic acids, or specifically 
volatile fatty acids (VFA). In some cases, only the VFA were considered as the products of 
acidogenesis. The decrease of pH can be observed in a batch-incubated system. Under 
methanogenic conditions with the pH higher than 7.0, the organic acids are neutralized in the 
liquid so the VFA exists as their respective salts, e.g. acetic acid as acetate, and bicarbonate 
alkalinity will be replaced by VFA alkalinity. Under anaerobic conditions, some pathways 
produce no acidic organics but neutral molecules, e.g. ethanol, propanol, butanol, etc., where 
they are called solvenogenesis. In cases of discussing the reactions in anaerobic digestion, 
solvenogenesis are considered to be included in the reactions of acidogenesis.  
Acidogenesis are considered to occur soon after the hydrolysis by the same group of 
microorganisms. Acidogenesis could be performed by obligate anaerobic bacteria, e.g. 
Bacteroides sp., Butyrivibrio sp., Clostridium sp., Eubacterium sp., Fibrobacter sp., 
Fusobacterium sp., Peptococcus sp., Ruminococcus sp., Selenomonas sp., etc., or facultative 
anaerobic bacteria, e.g. Bacillus sp., Lactobacillus sp., Micrococcus sp., Staphylococcus sp., 





Fig 2.3 Common pathways of dark fermentation, adapted from Wong et al., 2014. Fd/FdH2 
are short for the oxidized and the reduced state of ferredoxin, respectively. CoA-SH is the 
thiol group from co-enzyme A. NAD+/NADH2 are the oxidized and the reduced state of 
nicotinamide adenine dinucleotide. Pi, ADP and ATP are short for free phosphate, adenosine 
diphosphate and adenosine triphosphate.  
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The hydrogen-producing dark fermentation is the special cases of acidogenesis of 
carbohydrates. Whereas, in this dissertation, hydrogen production will be the target of 
performing phase separation. In comparison with the hydrogen production via photo-
fermentation, acidogenesis is also called dark fermentation. Fig 2.3 showed the common 
pathways of dark fermentation and the reactions are listed in Eq 2.12~2.16. 
 glucose → 2 CH3CH(OH)COOH (2.12) 
 glucose + 2H2 → 2 CH3CH2COOH + 2H2O (2.13) 
 glucose + H2O → 2 CH3COOH + C2H5OH + 2H2 + 2CO2 (2.14) 
 glucose + 2H2O →2 CH3COOH + 4H2 + 2CO2  (2.15) 
 glucose → C3H7COOH+ 2H2 + 2CO2 (2.16) 
Fd plays an important role in hydrogen fermentation. Fd is the active site of hydrogenase, 
which generally has a structure of iron-sulphur cluster. Fig 2.4 shows the typical iron-sulphur 
cluster in a hydrogenase. Compared to the [FeFe] hydrogenase, other types, e.g. [NiFe] 
hydrogenase and [NiFeSe] hydrogenase, have also been found recently (Shafaat et al., 2013). 
Their existence indicates that such trace elements as Fe, Ni and Se are important for the 
hydrogen fermentation or acidogenesis in anaerobic digestion. 
 





























Protein was also found to be able to produce hydrogen (Xiao et al., 2010) but the detailed 
mechanism is yet to be clarified. Fermentation referred to the anaerobic respirations that use 
organic as electron acceptors. However, according to ADM1, the β-oxidation of long-chain 
fatty acids is excluded from the acidogenesis and classified into acetogenesis (Batstone et al., 
2002, p. 1). 
2.1.2.3 Acetogenesis 
Acetogenesis refers to the reactions that convert the products of acidogenesis, generally VFA, 
into the substrates that can be directly utilized by methanogens. So the products of 
acetogenesis are generally acetate and molecular hydrogen. The acetate is considered as the 
oxidized product of organic acids. In acetogenesis, the molecular hydrogen is produced from 
oxidation of VFA, where the forward reactions under standard condition are 
thermodynamically unfavorable. So the VFA-oxidizing bacteria, i.e. acetogens, have to work 
syntrophically with hydrogenotrophic methanogens. The latter will reduce the partial 
pressure of hydrogen so that VFA-oxidation could proceed. Since the methanogenesis occurs 
at the pH range of 7.0~8.0, carbon dioxide and organic acids exist in the form of bicarbonate 
anion and the acid anions, respectively. The reaction equations of acidogenesis are listed in 
Eq 2.17~2.19. Eq 2.20 shows the syntrophic acetate oxidations (SAO). From the 
thermodynamic point of view, this reaction is even harder than the oxidation of propionate. 
The oxidation of valerate and butyrate are considered belonging to the β-oxidation reactions. 
 Va‒ + 2H2O → Pr
‒ + Ac‒ + 2H2 + H
+
 ΔG
*= +48.1 kJ/mol, ΔrH
o= 134.3 kJ/mol 
    (2.17) 
 Bu‒ + 2H2O → 2Ac‒ + 2H2 + H+ ΔG*= +48.1 kJ/mol, ΔrHo= 135.1 kJ/mol 
    (2.18) 
 Pr‒ + 3H2O → HCO3‒ + Ac‒ + 3H2 + H+ ΔG*= +76.1 kJ/mol, ΔrHo= 191.8 kJ/mol 
    (2.19) 
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 Ac‒ + 4H2O → 2 HCO3‒ + 4H2 + H+ ΔG*= +104.6 kJ/mol, ΔrHo= 254.2 kJ/mol 
    (2.20) 
where Va‒, Bu‒, Pr‒ and Ac‒ are the acid anions of valerate, butyrate, propionate and acetate, 
respectively; ΔG* is the change of Gibbs free energy in the reaction under typical anaerobic 
condition: pH= 7.0, 298 K and 1 atm (Thauer et al., 1977); ΔrH
o is the change of enthalpy in 
the reaction (Weast et al., 1988). 
The aceticlastic and hydrogenotrophic methanogenesis are the major pathways of 
methanogenesis. Their equations are listed in Eq 2.21~2.22. 
 Ac‒ + H2O →CH4 + HCO3
‒
 ΔG
*= ‒31.0 kJ/mol, ΔrH
o= 5.2 kJ/mol 
    (2.21) 
 HCO3
‒ + 4H2 + H
+ → CH4 + 3H2O ΔG
*= ‒135.6 kJ/mol, ΔrH
o= 240.0 kJ/mol 
    (2.22) 
Coupling the hydrogenotrophic methanogenesis (Eq 2.22) with Eq 2.17~2.19, the standard 
reaction of acidogenesis become thermodynamic possible, as Eq 2.23~2.25. 
 2Va‒ + HCO3
‒ + H2O → 2Pr
‒ + 2Ac‒ + CH4 + H
+
 ΔG
*= ‒39.4 kJ/mol, ΔrH
o= 28.6kJ/mol 
    (2.23) 
 2Bu‒ + HCO3
‒ + H2O → 4Ac
‒ + CH4 + H
+
 ΔG
*= ‒39.4 kJ/mol, ΔrH
o= 30.2kJ/mol 
    (2.24) 
 4Pr‒ + 3H2O → HCO3‒ + 4Ac‒ +H+ + 3CH4 ΔG*= ‒102.4kJ/mol, ΔrHo=47.2kJ/mol 
    (2.25) 
2.1.2.4 Methanogenesis 
Methanogenesis is considered as the final step of anaerobic digestion because the electrons 
are transferred to gaseous product, methane, to escape from the liquid. There are four 
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pathways performing methanogenesis, which could be determined by the substrates. The 
aceticlastic and hydrogenotrophic methanogenesis have been listed in Eq 2.21 and 2.22. 
Fig 2.5 shows the common pathways of methanogenesis. The co-enzyme F430 is a Ni-
containing compound. The methyl group in CH3-H4MPT is firstly transferred to cobolamin 
 
 
Fig 2.5 Pathways of methanogenesis, adapted from Guss et al., 2005; Meuer et al., 2002. 
Pathway A, B, C and D are aceticlastic methanogenesis, hydrogenotrophic methanogenesis, 
methylotrophic methanogenesis and methyl reduction methanogenesis, respectively. CHO-
MFR is formyl-methanofuran. CHO-H4MPT, CH≡H4MPT, CH2=H4MPT and CH3-H4MPT 
are formyl-, methenyl-, methylene- and methyl-tetrahydromethanopterin. CoB-SH and CoM-
SH are the thiol groups from co-enzyme B and co-enzyme M, respectively. F420/F420H2 are 
the oxidized and reduced states of co-enzyme F420. MePh/MePhH2 are the oxidized and 
reduced states of methanophenazine. F430 is co-enzyme F430. The substrates and the products 




















































then to co-enzyme M (DiMarco et al., 1990). Cobolamin, i.e. vitamin B12, is a Co-containing 
compounds. Again, these factors address the importance of the trace elements Ni and Co in 
anaerobic digestion. 
 
2.1.3 Parameters for anaerobic digestion 
2.1.3.1 Temperatures 
Since the reactions of anaerobic digestion are conducted by different microbes, the reactor 
should be operated at the temperature where the microbial community is relatively stable. 
The temperature ranges for anaerobic digestion can be divided into these domains: 
psychrophilic (0~20 °C), mesophilic (30~37.5 °C), thermophilic (50~60 °C) and hyper-
thermophilic (65~90 °C). 
Mesophilic temperatures are the most utilized conditions because the cost for operation such 
as heating is the lowest. Mesophilic conditions usually has large microbial community so that 
it is more stable to the shock of loading rates. It also has higher threshold to the ammonia 
inhibition so it is mostly used to treat the animal waste (Niu et al., 2013). Comparatively, 
VFA accumulation was less found under mesophilic conditions with better effluent quality. 
Meanwhile, thermophilic conditions is the secondly most applied conditions because it has 
higher reaction rate compared to mesophilic condition. 
Thermophilic conditions have better performance on the pathogen deactivation (Niu et al., 
2014). In recent years, thermophilic and mesophilic conditions are combined as temperature-
phased anaerobic digestion (Riau et al., 2010). The thermophilic digester served as the first 
reactor to accelerate the organic destruction and pathogen deactivation. The secondary 
mesophilic digester guaranteed better effluent quality. The digested solids was proved to 
satisfy the criteria of Class A biosolids. 
2.1.3.2 pH, alkalinity and ammonia 
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The pH is considered as the prime parameter for the microorganisms in anaerobic digestion. 
Acidogenic bacteria have a wide optimal range of 4.0~9.0 while the general pH range for 
methanogenic archaea is 7.0~8.0. When discussing the inhibition caused by ammonia or 
hydrogen sulfide, their free forms were considered as the direct cause of the inhibition 
because the neutral forms could permeate through the cell membrane by free diffusion. 
 
Fig 2.6 (a) The distribution coefficients of H2CO3 (δ0), HCO3
- (δ1) and CO3
2- (δ2) over pH 
with pKa1=6.38 and pKa2=10.30; (b) the buffering capacity of carbonate, ammonia and VFA 













































3-, a given pH has a fixed distribution 
coefficients in those different forms under a fixed temperature. The distribution coefficients 
are determined by the dissociation coefficient of the acid/base pair. Because different 
acid/base systems has different dissociation coefficients, the pH-buffering capacity, which 
could be determined by Eq 2.26, varies over different the pH range. Still, the buffering 
capacity is the monotonic function to pH so given a solution containing complicated 








where β is the buffering capacity, V is the volume of the solution (regardless of the added 
strong acid or base), c is the total concentration of the acid/base system, and n is the amount 
of proton or hydroxyl ions that is added to the system with strong acid or base. 
In order to obtain the integrated buffering capacity of a solution from one pH to another, 





iiba dc )pH(Alkalinity 
 (2.27) 
where βi is the buffering coefficient of the acid/base system i, ci is the total concentration of 
acid/base system i, a and b are the initial and the terminal pH of titration, respectively. 
The word alkalinity could refer to the property of a matter to neutralize acids and the measure 
of its capacity of neutralizing acids. When referring to the property, alkalinities could be 
ranked by strength depending on how low the pKa is. When referring to the capacity, it has 
the dimension of concentration and presents as the equivalent content as CaCO3. According 
to Eq 2.27, it is difficult to calculate the alkalinity even if all the total concentrations of 
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acid/base pairs is exhaustively known, unless appealing to numeric approximation. Reversely, 
it is easier detected via experimental titration. 
As shown in Fig 2.6(b), the acid anions of VFA also has buffering capacity in the range of 
4.0~5.0, which explained the stability of pH in the acidogenic phase of a two-phase process 
although considerable amount of organic acids were being produced. But for the pH range of 
methanogenesis, which is 7.0~8.0, bicarbonate made the most contribution. 
Ammonia is considered as the source of alkalinity in anaerobic digestion. The amino groups 
in proteins were primarily degraded into free ammonia, which has the property of alkalinity. 
Then when the free ammonia reacts with carbonic acid in the bulk liquid, its alkalinity is also 
“transferred” to the bicarbonate anion. So the reacted free ammonia and the produced 
bicarbonate have the equivalent molar concentrations. As for the strength of the alkalinity, 
free ammonia is stronger than bicarbonate anions.  
 
 
































































2.1.3.3 OLR, HRT and SRT 
Organic loading rate (OLR), hydraulic retention time (HRT) and sludge/solid retention time 
(SRT) are the important parameters for practical operation. They are intensive properties so 
different reactors with the same intensive parameters are supposed to have the same 
performance.  





where Q is the volumetric flow rate to the process. 
HRT is calculated by Eq 2.29. It reflects the average retention time of a bunch of 


















where X and Xe are the microbial concentrations in the process and in the effluent, 
respectively. 
The SRT in a process with liquid/solid separations will be different from the HRT of the 




2.2 Configurations of anaerobic processes 
2.2.1 Classification 
According to whether the HRT and SRT are separated, the continuous stirred-tank reactor 
(CSTR) is isolated from the other types of processes. Because the microbial concentrations 
in the reactor and the effluent are the same, SRT is equal to HRT in CSTR according to Eq 
2.30. 
The advantage of CSTR is that the continuous mixing promote the mass transfer is in the 
reactor. However, compared to aerobic microorganisms, the growth rate of anaerobic 
microorganisms is still very slow. So the disadvantage of CSTR is the continuous loss of 
microorganism. In general cases of CSTR, long HRT is applied.  
According to the relative interface of mass transfer between liquid and solid, the other types 
of reactors are classified as Fig 2.9.  
 
 









Fig 2.9 Classification of anaerobic reactors. 
 
The first category includes septic tank and anaerobic baffled reactor (ABR). Septic tank is 
the earliest form of anaerobic digester, which was basically used for precipitation. ABR could 
be regarded as a series of septic tank, with partition board in each chamber to prevent the 
short flow in the reactor. Due to no mixing performed in the reactor, the contact between the 
organics in the liquid and the microorganisms in the solids occurs only at the surface of the 
upper solids. In order to enhance the mixing in the reactor, a self-agitating reactor has been 
designed (Fig 2.11). The produced biogas is accumulated in the first chamber and released  
 





[precipitation] septic tank, ABR..
[suspended] anaerobic contact process,
SBR, MBR…










Fig 2.11 The schematic diagram of self-agitating reactor.(Kobayashi and Li, 2011) 
 
to the second chamber through a gas-siphon, causing an abrupt disturbance by the liquid 
flowing back to the first chamber. 
 
Fig 2.12 The schematic diagram of (a) packed bed reactor and (b) UASB. 
 
The second category includes packed bed reactor (PBR), up-flow anaerobic sludge bed 
(UASB) reactor and expanded granular sludge bed (EGSB) reactor. These reactors are 
















maintained in the reactor as biofilms on either the packing materials or the carriers, or by 
self-granulation. The mass transfer interface was larger than the first category. EGSB is 
similar to UASB but with a higher height-to-diameter ratio and generally an effluent 
recirculation. Provided the high upflow velocity, the fixed sludge bed (as in UASB) becomes 
expanded bed (as in EGSB) and then fluidized bed. Yet, the granular sludge could not resist 
the shearing force in the fluidized bed so granular carriers with great inner surfaces are 
generally added to the upflow reactor to achieve a fluidized bioreactor. 
The third category totally solves the problem of mass transfer between solids and the bulk 
liquid so these reactors are also used to treat the waste or wastewater with high solids content: 
anaerobic contact process, membrane bioreactor (MBR) and sequencing batch reactor (SBR). 
Anaerobic contact process is similar to the classical activated sludge process by setting 
precipitation tank to recycle the solids. The MBR with a separated membrane filtration unit 
in Fig 2.13 (b) could be regarded as replacing the precipitation tank with the filtration unit. 
For the MBR with a submerge membrane module (Fig 2.13 (c)), biogas aeration is usually 
used for mixing and scouring the surface of the membrane. SBR separated the function of 




Fig 2.13 The schematic diagram of (a) anaerobic contact process, (b) MBR with separated 



































2.2.2 Characteristics of CSTR processes 
There exists a paradox called the ship of Theseus: if every random part of the components 
from the ship is being replaced for a certain period, e.g. every 1 hour, since when will this 
ship be 100% renewed? If all the components of the ship are replaced by new ones meanwhile 
all those disassembled components are reassembled somewhere else, which ship is the 
original one? This paradox leads to philosophical discussions about the configuration and the 
function of an object. Similar questions arose in the continuous operation of CSTR, which 
could be simplified into a physical model. Investigating the physical characteristics of CSTR 
systems might also help to clarify the key points to comprehend the paradox.  
2.2.2.1 Characteristics of single-stage CSTR  
The simplest one-stage CSTR is discussed before discussing the complicated systems. 
 
Fig 2.14 A CSTR process and its parameters. 
 
Supposing there is a CSTR whose feeding is conducted immediately after the discharging 
finished and no growth nor decay occurs for the solute, the relation of the concentrations 
before and after the nth discharging and feeding (short as “F&D”, because feeding is 








c nn  
 (2.31) 
where c0 is the initial concentration in the reactor, cin is the concentration in the feeding 
stream, cn is the concentration in the reactor after nth F&D, n is the number of times of F&D, 












The concentrations under continuous feeding mode is to be found by following two methods. 
1) Obtaining from the solution in Eq 2.32 by approaching to continuous operation. 
For every t >0, there is an unique n such that tn = nT ≤ t < (n+1)T, where t is the independent 
variable of time, tn is the time when the nth F&D just finished and T is the interval of F&D. 








where τ is the HRT. 

































2) Obtaining by differential element method. 





















Table 2.2 The evolution of the concentration in the CSTR (effluent). 
Operation time t Concentration c(t) 
0 c0 
ln2·τ ≈ 0.693τ 0.500c0 + 0.500cin 
τ 0.368c0 + 0.632cin 
2τ 0.135c0 + 0.865cin 
2.3τ 0.100c0 + 0.900cin 
3τ 0.050c0 + 0.950cin 
4.6τ 0.010c0 + 0.990cin 
5.3τ 0.005c0 + 0.995cin 
6.6τ 0.001c0 + 0.999cin 
 
According to Eq 2.33, the evolution of the concentration in the CSTR could be calculated 
and shown in Table 2.2. The coefficients of c0 and cin could be regarded as the ratios of the 
“capsules” that were originated from the initial CSTR and the influent, respectively. It could 
be seen that as long as the digits are sufficiently accurate, there would never be a time when 
the concentration in the effluent were definitely equal to the influent. In the mentioned 
paradox, the ship will never be 100% renewed if every part of it was randomly replaced. 
In practical cases, a CSTR process is operated for three times of HRT (3τ) to determine the 
long-term stability of the process because the potential impacts caused by the initial 
concentration was diminished to 5%, which is sufficiently low for engineering. Still, when 
considering the deficiency of trace elements (TE), it should be noted that the symptom of 
lacking TE appears because the concentrations of TE were too low. It is the operation of long-
term continuous experiment that washed out the TE and reached the steady state to examine 
whether the TE in the feeding materials were sufficient. 
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where g(t) is the RTD curve of CSTR, ε(t) is the step function. 
According to the definition, RTD is the time course of the effluent concentration for a unitary 
pulse in the influent of the reactor. The ideal pulse is obtained by narrowing a certain of 
function but the function has different shapes in different branches of engineering, e.g. 
triangle, rectangle or bell shape. In the case of CSTR, the original shape of the pulse function 
is unknown but the pulse input could be obtained from the transfer function. The function 
describing the pulse that was spiked into CSTR to make the concentration from 0
0
c  to 
00




















where δ(t) is the Dirac delta function. 
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It is elucidated that for a CSTR with a fixed volume, the spiking pulse function is related to 
the current flowing rate. The different CSTR conditions could be classified by HRT, i.e. 
different CSTR with same HRT indicates they are hydraulically equivalent.  
The functions ε(t) and δ(t) are frequently used in the practical application of Laplace 
transform. The multiplication to the function ε(t) helps to avoid the complicated regulations 









where f(t) could be any function that is defined on (‒∞, +∞). 
 
















































The advantages of applying Laplace transform are: firstly, the curve of effluent to the 
changing influent requires convolution in the time domain, which could be transformed into 
multiplication in the frequency domain; secondly, Laplace transform could solve ordinary 
differential equations in the time domain by linear computation; thirdly, the moment-
generating function could be obtained from the Laplace transform of the original function. 
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where E[g(t)] and Var[g(t)] are the mean and variance of the RTD of the reactor. 
As shown in Fig 2.15 (c), the physical meaning of HRT is the average retention time 














































































































where Skew[g(t)] and Kurt[g(t)] are the skewness and kurtosis of g(t), respectively, which is 
the RTD of the CSTR. 
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The skewness >0 means that the right tail of the RTD is longer than the left tail. And the 
kurtosis > 3 means that the RTD curve has more extreme outliers than the normal distribution, 
i.e. platykurtic. Despite this two characteristics are obvious by intuition, their calculations 
could reflect their changing trends with varying parameters. 
 
Here is a brief discussion on the microbial growth in the CSTR. Supposing the initial 
substrate was abundant (S0→∞) so that the exponential microbial growth is independent from 
the change of S0. 
 
Fig 2.16 The microbial flow through the CSTR. 

















where 0X   is the initial microbial concentration in the reactor, Xin is the microbial 
concentration in the feeding stream, nX  is the microbial concentration in the reactor right 
before the nth F&D, nX  is the microbial concentration in the reactor right after the n
th F&D, 
μ is the average net growth constant of the microbe (the microbes will be decaying if μ < 0). 





























































Regardless of the microbes in the influent, the microbial concentration in the CSTR increases 
or decreases exponentially, which depends on whether the term (μ ‒1/τ) is positive or negative. 
When the microbes was decaying (μ < 0), the hydraulic flow will accelerate their elimination 
from the CSTR. When the microbes was growing but their growth rate was not high enough 
(0 < μ < 1/τ), the microbes would still be “washed-out” from the CSTR, ultimately. In this 
case, the phenomenon of the microbial elimination would arise sooner or later depending on 
when the microbial concentration decreases less than the critical value, but not necessarily 
after the duration of 3 times of HRT or other kinetic parameters. 
When μ > 1/τ, the microbial concentration will increase exponentially to the time t. However, 
the infinite growth is impossible due to the limitation of substrate in the factual cases. It is 
assumed that the ultimate microbial concentration will approach asymptotically to the 
maximum Xmax = Y·S0, where Y is the growth coefficient of consuming the substrate. When 
μ =0, this solution will degenerate as the evolution of the tracer concentration c(t). 
 
2.2.2.2 Characteristics of cascade CSTR processes 
A two-stage CSTR process is discussed before the systems with more stages. 
 
Fig 2.17 A two-stage CSTR process and its parameters. 











c nn   (2.34) 
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  (2.36) 
where c1,n and c2, n are the concentration in the first and second reactor after nth F&D, 
respectively; V1 and V2 are the volume of the first and second reactor, respectively. 
























































































where τ1:=V1/Q, τ2:=V2/Q. 


































































  (2.39) 
















which could also be obtained from Eq 2.37 by V2 → V1 and examined by Laplace transform. 
When a pulse was injected to the 1st stage resulting in its concentration of c1,0, the evolution 






































The concentration in the effluent increases from the beginning but decrease after a specific 
























t  (2.41) 
Despite the form as piecewise function as Eq 2.41, the continuity for τ2 → τ1 could be testified. 
 
Fig 2.18 The evolution of effluent concentration of a two-stage CSTR process with the initial 









































It could be concluded that the reciprocal of the peak time is the logarithmic mean of the 
reciprocals of the HRTs of the two stages. Fig 2.19 shows the comparison of peak time to 
other curves. Obviously, tpeak is maximized when τ2 = τ1. 
However, finding the peak time of a three-stage CSTR process leads to solving a 








   ttt eee  (2.42) 
where τ3 is the HRT of the third stage, and (τ1 ‒ τ2)( τ2 ‒ τ3)( τ1 ‒ τ3) ≠ 0. 
 
Fig 2.19 The curves of peak time, parabola and the semicircle. 
Eq 2.42 is an implicit function of t so its solution cannot be presented as an algebraic form.  
Given a total HRT τtot for the whole process, tpeak of the effluent concentration from a three-
stage process could be calculated numerically. Fig 2.20 shows the contoured ternary plot 
describing the values of tpeak from different distribution proportions of τtot. In the numerical 
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Proposition: For a three-stage CSTR system, given a fixed total HRT τtot, the maximum of 
tpeak is obtained when τtot is equally distributed to each stage. 
Proof: The three-stage process could be regarded as a combination of a two-stage CSTR 
process and a single-stage CSTR process. 
1) Partition A: the two-stage CSTR (1st and 2nd stages) and the single-stage CSTR (3rd stage). 
According to Eq 2.41, for every fixed 0< τ3 < τtot, the maximum of 
3
peak 




3tot21     (2.43) 
2) Partition B: the single-stage CSTR (1st stage) and the two-stage CSTR (2nd and 3rd stages). 
 
Fig 2.20 The ternary contour describing the peak time of the effluent of three-stage system. 
Similarly, for every fixed 0< τ1 < τtot, the maximum of 
1
peak 
t  is obtained when  





































1tot32     (2.44) 
Due to the arbitrariness for the single-stage CSTR in each partition method, the global 
maximum of tpeak is obtained when both Eq 2.43 and Eq 2.44 hold, giving the unique solution 
as τ1 = τ2 = τ3. ■ 
The case for n-stage CSTR process could also be proven by the complete induction. The RTD 
of the effluent concentration of an n-stage CSTR process, where τtot is equally distributed so 
that tpeak is maximized, could be obtained by Laplace transform. Then the inverse Laplace 



































where gn(t) is the resident time distribution of the n-stage CSTR process and )(ˆ sgn  is its 
Laplace transform, and τn = τtot /n. 
















































Since the similarities in characteristics between the RTD function and the δ(t), the infinite-
stage CSTR process could be regarded as outputting a pulse that appeared when t = τtot, 





With other properties of the infinite-stage CSTR, the infinite-stage CSTR process was proved 

















































































































The skewness as 0 indicates the RTD curve of infinite-stage CSTR is vertically symmetric 
and the kurtosis as 3 indicates the RTD is mesokurtic, i.e. the RTD curve is bell-shaped as 
normal distribution. 
PFR and CSTR are the two basic types of physical reactor models and most other models are 
regarded as the combination of PFR and CSTR. While PFR could be regarded as infinite 
CSTRs connected in series, CSTR itself could be regarded as infinite sub-CSTRs connected 
in parallel.  
2.2.2.3 Characteristics of recirculated two-stage CSTR process 

























where c1,n and c2, n are the concentration in the first and second reactor after nth F&D, 
respectively; R is the recirculation ratio to the feeding stream; V1 and V2 are the volume of 
the first and second reactor, respectively, and V1 < V2. 
Substitute the differential elements v =Qdt, c1,n+1 ‒ c1,n= dc1 and c2,n+1 ‒ c2,n= dc2, and the 



























































where  )()(ˆˆ 111 tcscc L  and  )()(ˆˆ 222 tcscc L . 





























































where A(s) = (1+ R + τ1s)(1+ R + τ2s) ‒ R(1+ R). 







































































However, the transfer function was different from the RTD of the process without 
recirculation because G1(0) = G2(0) = (1+R) ≠ 1. It is considered that there might be particles 
flowing through the reactor more than once. Also, there might be cases where not all the 
particles had flow through the reactor. Hence, there are two comprehensions of the average 
retention time considering different totalities.  













































































As for those particles that was originally spiked into the other reactors, their retention times 













































































For the solids that were originally in the second reactor, the recirculation makes it possible 
to retain in the first reactor. When counting the particles that originates from the initial 
conditions, the recirculation extends the retention time of all solids in both reactors by R(τ1 
+ τ2). 



















For the particles in the influent, their retention time in the first reactor and the total process 
















































































The retention time of the particles in the influent within the first reactor is extended after 
coupling recirculation whereas that in effluent of the second total process remained unvaried 
by the recirculation ratio.  
































with the properties of 




























So the time distribution of the concentration in the first and second reactor are  
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The solutions could also be sorted as follows. 
 
     














































































































































































It could be seen that both the concentrations in the first and second reactor are approaching 
to the influent concentration. The decaying items exp(ω1t) and exp(ω2t) could be formally 
separated from its coefficients, which depend only on the configuration of the process and 
the initial concentrations. As for the intermediate parameter τR, it could be found by 




Fig 2.22 The geometrical method to find the intermediate parameter τR. (a)~(b) Finding the 
θ when 0 < R ≤ 1, (c) finding the θ when R >1, (c) find τR from the third side of the triangle, 









































2.3 Literature review 
2.3.1 Anaerobic digestion of paper waste 
Common paper products in the modern lifestyle includes tissue paper, toilet paper, office 
printing paper, newspaper, pamphlet, cardboard, etc. When searching the articles about 
“anaerobic digestion” and “paper waste” (PW), few literatures could be found because there 
is no stable component for PW. In fact, OFMSW, which was used as the substrate for 
anaerobic digestion, contained considerable shares of PW. An example is shown in Table 2.4. 
Another study compared the source-sorted OFMSW and the mechanically-sorted OFMSW 
in as full-scale anaerobic digester, suggesting that the source sorted OFMSW had higher 
biogas production and economic benefits than the other (Bolzonella et al., 2006). 
Table 2.4 The composition of PW in OFMSW (Trzcinski and Stuckey, 2009a, 2009b). 
Type  Percentage 
Newspaper 21 
Tissue paper 15 
Toilet paper 15 
Paper plate 15 
Magazine 12 
Card and paper packaging 11 
Office paper 8 
Liquid carton 1.4 
Cardboard 1.0 
Card non packing 0.6 
 
Since paper products are made up of natural fibers, such as cellulose, hemicellulose and 
lignin, they are easier to cause clogging in the transportation pump compared to other 
particles of bio-solids when they are prepared as the waste slurry before putting into digester. 
Many researches applied the dry anaerobic digestion to treat the paper waste. Kim et al. 
utilized horizontal-type cylindrical reactor to digest food waste (FW) and PW under 
mesophilic condition (Kim et al., 2010). With a feeding total solids (TS) content of 30%, 
biogas production decreased when HRT was shorted to 30 days. Similar studies have also 
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been conducted in other places (Di Maria et al., 2012; Dong et al., 2010). Still, dry AD are 
considered to have other problems such as low mass-transfer, low degradation  and high 
possibility of ammonia inhibition (Abbassi-Guendouz et al., 2012; Kim and Oh, 2011). A 
study comparing the biogas production between liquid state anaerobic digestion and solid 
state anaerobic digestion of lignocellulosic biomass, such as grass, straw, yard waste and 
paper, found the methane production from liquid state yielded at least twice as those from 
solid state, especially for waste paper, of which the multiples reached 7-fold (Brown et al., 
2012). The reports with batch tests have confirmed the high degradability of paper product 
or cellulose under liquid state anaerobic digestion (Chen et al., 2017; Ghasimi et al., 2016; 
Kobayashi et al., 2012a; Qu et al., 2009; Wang et al., 1994; Zheng et al., 2013). 
 
Fig 2.23 Typical monomers in lignin. (Ralph et al., 2004) 
 
Another focus on the anaerobic digestion of PW is pretreatment. Among the lignocellulosic 
contents, cellulose and hemicellulose are degradable, whose monomers are monosaccharides, 
even though their hydrolysis are considered as the rate-limiting step (Baba et al., 2013; Zhang 
et al., 2008). Whereas, lignin is the undegradable content in the lignocellulosic materials, as 
shown in Fig 2.23, which could be reflected by the reports with batch tests. A study utilized 
Nuclear Magnetic Resonance (NMR) Spectroscopy has pointed out that no depolymerization 
of lignin occurred during anaerobic treatment (De la Cruz et al., 2014). Those pretreatment 
that was not able to break the bonds in the monomers of lignin will surely have limited 
enhancement. Thus harsh conditions, such as steam explosion with alkaline and acetic-nitric 
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mixed acid, was used for separated the lignin content with other materials (Bruni et al., 2010; 
Teghammar et al., 2013; Wiegel and Dykstra, 1984; Xiao and Clarkson, 1997). Simple 
physical treatment as shredding did not show significant improvement on maximal methane 
production and its kinetics in the anaerobic digestion of PW (Pommier et al., 2010). 
Apart from concerning the degradability lowered by lignin, the major problem of digesting 
PW is the lack of nitrogen. From the view of simultaneous waste reduction, PW has been co-
digested with different nitrogen-rich waste biomass. Parameswaran and Rittmann found that 
digesting PW with primary sludge in the ratio of 2:1 yielded the methane production of 150% 
higher than the PW-only group (Parameswaran and Rittmann, 2012). Other materials such as 
kitchen waste, cow dung, hyacinth and algae have been used for the co-digestion (Pendyala 
et al., 2013; Yen and Brune, 2007; Yusuf and Ify, 2011). The mixing of paper and cardboard 
into the OFMSW was reported to suppress the biogas production in the continuous operation 
(Fonoll et al., 2016). However, it is considered that cellulosic materials have low methane 
yields per certain amount of volatile solids (VS). So it might be feasible to digest PW under 
anaerobic conditions as an augmentation to recover more methane because those researches 
have confirmed the high degradability of PW under anaerobic conditions. 
2.3.2 The two-phase anaerobic digestion for biohydrogen and biomethane  
General anaerobic digestion produces methane. Only those which achieved the separation of 
acidogenic phase and methanogenic phase are capable to produce hydrogen and methane 
simultaneously. Thus, previous studies on the continuous biohythane production majorly 
applied the two-stage process to maintain the two phases were separated in each reactors. 
Table 2.5 showed a basic summary of previous researches on continuous biohythane 
production. Since the recirculation will be introduced into the two-stage process in the 
following research, some literatures producing no hydrogen but only methane are listed 
because they used the recirculated two-stage process. 
From Table 2.5, it could be found that many earlier researches use carbohydrates as the 
substrate for continuous biohythane production. Considering the economic efficiency, the 
recent trend of the researches is utilizing waste biomass to produce hythane. FW is the most 
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utilized kind of waste. Other biowaste collected from municipal system could also be 
regarded similar to FW, such as biowaste, kitchen waste, fruits and vegetable waste. Many 
other studies originated from agricultural activities or industrial processing of plants. It could 
be summarized that the substrate utilized for biohythane production were carbon-rich 
biomass. As the counter examples, those process treating sewage sludge, primary sludge and 
waste activated sludge, which could be sorted as nitrogen-rich biomass, were not producing 
hydrogen due to high pH conditions in the first stage. 
Table 2.5 shows that most studies were conducted in the lab scale reactors, implying that 
there is still big potentials to fully realize the biogasification of municipal biowaste and that 
there are some hidden problems in the continuous operation of biohythane production. The 
mesophilic and the thermophilic temperatures are most applied for the two-stage process, 
with a few extreme-thermophilic cases. The hydrogen content in the produced hythane varied 
greatly in the range of 0~60%, suggesting that there is big difference on the performance of 
hydrogen production in the dark fermentation (DF). To note with, many studies utilized the 
automatic pH controller to maintain the pH at 5.5 in the DF because the pH of 5.5 has been 
confirmed as the optimal value for hydrogen production. However, for the other studies 
without pH controlling in DF, there was rare case to maintain the pH around 5.5 
spontaneously. Actually, the addition of alkaline in the first stage could also increase the pH 
in the methane production (MP). Since the addition of alkalinity increases the cost of reagents, 
recirculation have been introduced to adjust the pH in DF by recycling the alkalinity in the 
effluent. 
There is concern that recirculation might also introducing the hydrogenotrophic methanogens 
in DF to reduce the hydrogen production. So the reject water after the filtration of the 
methanogenic effluent have been used as recirculation flow. On the other hand, it has also 
been reported that the importance of recirculating the solids in the effluent was to supply the 
bacteria for hydrolysis and hydrogen production. So there is a dilemma in recycling the 
biosolids in the effluent between hydrogenotrophic methanogens and hydrogen-producing 
bacteria. Thus, heat treatment or aeration was also applied on the recirculated sludge, which 
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still required for extra units in the process. It has been reported that it was possible to inhibit 
the methanogens at a pH lower than 5.0. By taking advantage of pH inhibition, it might be 
possible to introduce the direct recirculation without extra processing unit. 
The recirculated two-stage process has an equivalent configuration, as shown in Fig 2.24. It 
could be proven that each stage has the same HRT with that in the other process. Thus a 
recirculated two-stage process could be started up from an existing single-stage as the first 
stage (Jiang et al., 2017a). Most previous studies formulated the connection of the second 
stage as an optional measure to remove COD or recover biogas. However, it is considered 
that it is the second stage that serves as the stable source of feedback stream even if the first 
stage is operated only for producing biohydrogen, VFA as carbon-source in denitrification or 
the high-value caporate. Therefore, both stages are of equal significance to be optimized. 
 
Fig 2.24 Configurations of the two processes with the same HRT: (a) recirculated two-stage 
process and (b) co-phase process (Song et al., 2004). 
 
From the view of co-digestion, PW is an optional biomass of FW because it could be collected 
from the municipal collection centers along with FW. Also, there are always a fraction of PW 
mingled in FW but the effect of mixed PW remained unknown. Starting from these facts, a 
series of researches were performed to investigate the feasibility of producing biohydrogen 






















Table 2.5 Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  
↓Feeds default unit → (CSTR) °C L L days days % g/kg g/kg - L/kg-VSfed - L/kg-VSfed L/kg-VSfed H2 %   
glucose (artificial) 
Honolulu, US 





































































































































































-/- 37 4.5 - 15 - ? 
 
 0.69 Cl  59 COD 
100 COD 
















37/37 5 10 0.33 
(2.2) 
10  7.5 0.11 Bc 5.5~6.5
* 
151 COD 6.8~7.2 
* 





Table 2.5 (continued-1) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  
↓Feeds default unit → (CSTR) °C L L days days % g/kg g/kg - L/kg-VSfed - L/kg-VSfed L/kg-VSfed H2 %   
























































-/ABR 55/35 10 40 1.3 5.0 10.8 142 3.8 TN 
0.076 Am 
5.5* 205 7.5 464 669 30.6 2 (Chu et al., 
2008) 








-/- 55/55 10 40 1.9 15.4 9.5 150 4.0 TN 
0.091Am 















































































 (Wang and 
Zhao, 2009) 
FW food waste 
treatment plant  
Daejeon, 
Korea 





























Table 2.5 (continued-2) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  
































-/- 55/55 200 380 3.3 12.6 21.6 248 7.54 TKN 5.2 48.3 8.1 400 448 10.8 0~0.5 (Micolucci 
et al., 2014) 





37/37 3.9 20.1 6 0.6 18.8   5.7 310 7.5 210 520 59.6  (Han and 
Shin, 2004) 






























 (Algapani et 
al., 2017, 
2016) 
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-/hν/- 55/24/34 1.5 
+0.5hν 









-/PBR 55/37 1.6 1.3 3.7 1.5  397 6.1TKN  115  334 449 25.6 0.6~1.0 (Yeshanew 































Table 2.5 (continued-3) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  




















































biogas plant in 
Grindsted, 
Denmark 
-/- 37/37 0.4 3 2 15 7.58  0.44 Am 
1.89 TN 





















































































































































































Table 2.5 (continued-4) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  











-r/- 35/35 6 6   11.9~15
.0 
























  total 
290~330 
 












































-/- 55/55 2 14.7 3 22 3.77 85.9 1.5 Am 
2.4 TN 
5.52 140 7.61 351 491 28.5  (Schievano 























2.08 28.3 0.86 TKN 5.0post* 0.49 COD 8.0~8.5 300~334 
[L/kg-
CODred] 





Table 2.5 (continued-5) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  








































































































































































Table 2.5 (continued-6) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  
































































































SBR/UASB 55/M 1.2 1.2 2 -  50.5 0.16 TN 5.5* 77COD 
 


































































Table 2.5 (continued-7) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  










































et al., 2017) 
grass Horse feeds 
Pontypridd, 
UK 
-/- 35/35 8 25 0.75 11.25 
19.25 













-/UASB 70/37 1 0.8   12.37     
 

















































37/37 2.5 2.5    0.076 1.05 TN  146~0 COD  158~302 
COD 











2.0  (Koutrouli et 
al., 2009) 
POME Trang Palm 





0.2 3 2 14 5.50 85.5 0.03 Am 
0.83 TN 
5.5 40 7.3~7.5 486 526 7.6  (Mamimin 
et al., 2015) 





































Oil Co., Ltd. 
Trang, 
Thailand 






















Table 2.5 (continued-8) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  



























































































































































Table 2.5 (continued-9) Previous studies on continuous biohythane production. 
  DF/MP DF/MP DF MP DF MP Feeds Feeds Feeds DF DF MP MP hythane hythane  Reference 
 ↓ Source of 
waste  
Reactor Temperature Vol Vol  HRT HRT VS COD N pH H2 yield pH CH4 yield (H2 +CH4) 
yield 
 R  














12.9  (Kisielewska 









































































-/- 38/38 6.68 6.68 16.9 16.9 9.5  11.7 0.086 TN 5.0~5.5
* 
35.5 7.1 133.9  21.0  (Benito 
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2.5 10 6 24 3.28   6.97 - 7.46 680  0 1  (Hojo et al., 
2015) 
WAS S purification 
centre 
Miyagi, Japan 
-/- 55/35 3 12 6 24 3.62 58.5 0.55 Am 7.65 - 7.58 490  0 1 (L.-J. Wu et 
al., 2015b) 
WAS S purification 
centre 
Miyagi, Japan 





























Notes for Table 2.5: 
“DF” is dark fermentation; “MP” is methane production; 
(Feeds) “POME” is palm oil mill effluent; “WAS” is waste activated sludge; 
(Reactor) “hν” is photo-fermentation; 
(Temperature) “M” is mesophilic temperature; 
(N in feeds) the nitrogen content in the feedstock with the superscripted abbreviations, where “Am” is detected total ammonia; 
“Cl” is the added ammonium chloride; “YE” and “PT” are the nitrogen in yeast and peptone, respectively; “Bc” is the added 
ammonium bicarbonate; “TN” is total nitrogen; “TKN” is total Kjeldahl nitrogen; “prot” is the nitrogen in the protein. 
(pH) “*” explains that the pH was maintained by automatic pH-control systems; 
The units within [·] are prior to the default unit; 
The superscripted items such as “2.89VSS” are prior to the items in the default unit; 
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Co-digestion of food waste and paper waste with 
high-solid two-phase anaerobic digestion system: 
effect of mixing ratio 
 
3.1 Introduction 
The amount of municipal solid waste produced increases with the process of urbanization. In 
the organic fraction of municipal solid waste (OFMSW), food waste (FW) and paper waste 
(PW) are the two major categories that can be separated from the source of waste or by the 
mechanical sorting system (Hoornweg, Daniel and Bhada-Tata, Perinaz, 2012; López et al., 
2010). As the fossil fuel supply becomes depleted, the chemical energy recovered from such 
waste biomass has potential to be stored in biofuels to fill the gap between the energy supply 
and the energy requirements (Gaurav et al., 2017). Biomethane is a gaseous biofuel which 
can be collected from the biogas emitted from the anaerobic digestion process without a 
distilling process. High-solid anaerobic digestion is considered one of the most effective and 
economical biomass conversion technologies (Qiang et al., 2012). One of many kinds of 
anaerobic digestion processes, two-phase anaerobic digestion (2PAD) achieves the 
separation of the acidogenic phase and methanogenic phase, which makes it possible for 
fermentation products, such as hydrogen and organic acids, to be collected in the acidogenic 
phase when it is controlled at suitable conditions (Luo et al., 2011; Shen et al., 2013).  
There have been numerous reports on the anaerobic treatment of FW, with many focused on 
anaerobic co-digestion (Fonoll et al., 2015; Tandukar and Pavlostathis, 2015; Uçkun Kiran 
et al., 2014; Zhang et al., 2015). The conjugate materials in most of these studies were sewage 
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sludge or manures from poultry, swine, cattle or human beings (Cavinato et al., 2010; Kim 
et al., 2004; Owamah et al., 2014; Wang et al., 2014). The basic aim of co-digestion is to 
adjust and optimize the carbon to nitrogen (C/N) ratio (Cook et al., 2017). From this point of 
view, due to its rich abundance in carbohydrates such as lignocellulose, FW has been 
generally regarded as a carbon-rich material to be “neutralized” by nitrogen-rich (protein-
rich) materials. However, according to our observations, despite being acidic, FW could well 
be classified as a nitrogen-rich biomass. After all, FW contains a sufficient amount of 
proteins and the anaerobic digested effluent contains excess ammonia with an approximately 
equivalent amount of alkalinity (Kobayashi et al., 2012a; Qiang et al., 2012). It has also been 
concluded that there is no indication of methanogenic failure in the co-digestion of FW and 
waste activated sludge at any ratio (Heo et al., 2004). Less research has been carried out on 
the co-digestion of FW and other carbon-rich (lignocellulosic) materials. Some cases of co-
digesting FW and lignocellulosic biomass included a third nitrogen-rich waste, such as the 
ternary combinations of FW/card package/cattle slurry or FW/corn stover/chicken (Li et al., 
2013; Zhang et al., 2012). 
As another principal category in the OFMSW, PW includes toilet/tissue paper, office printing 
paper, newsprint paper, paper bag, cardboard, etc. (Gonzalez-Estrella et al., 2017b). By 
applying the mechanical sorting systems with specific optical sensors, separating different 
kinds of paper products has become feasible in practice (Rahman et al., 2014). In fact, PW 
can be used as the conjugate material of FW because it can be generated, collected and sorted 
at the same site as FW. Conventionally, sorted PW is reused to produce toilet paper, which 
slowed down research on the anaerobic treatment of PW. Recently, however, more reports 
on anaerobic biomethane production have begun to appear in the literature. In a batch 
experiment on waste paper, the liquid-state anaerobic digestion harvested a higher methane 
yield, at 312.4 L/kg-VSfed (volatile solids), than that by the solid-state anaerobic digestion of 
15 L/kg-VSfed (Brown et al., 2012). Other results from batch experiments found that methane 
can be recovered from 80% of cardboard, 80% of office paper and 70% of the co-digestion 
of cardboard and FW (Asato et al., 2016; Gonzalez-Estrella et al., 2017a). The full 
degradation of toilet paper even on the reject side of a membrane bioreactor (Chen et al., 
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2017) implies other paper products might have a high degree of degradability as well. 
Compared to a parallel control system which treated 100% of biowaste from OFMSW, a mix 
of 15% and 30% waste paper with biowaste showed no significant change in VS removals 
(Fonoll et al., 2016). Still, few studies have been reported on the effect of mix ratios to the 
co-digestion of FW and PW, especially for continuous operations. Further study on the 
digesting performance under a wider range of PW contents is required for these two 
considerations: the first is that an uncertain fraction of PW is commingled in the collected 
OFMSW so tight that separating it is costly, unnecessary and barely possible; the second is 
that the performance of the anaerobic digestion of OFMSW could be optimized by properly 
adjusting the PW content in the anaerobically treated OFMSW. 
In this study, we applied a 2PAD system to treat OFMSW with different PW contents. The 
OFMSW was made up of 0%, 20%, 40% and 50% (total solids, TS) of PW and the rest was 
FW. The system was operated in the long run to investigate the performance of the system 
during each feeding condition. The effect of PW contents in OFMSW is discussed based on 
the results for biomethane recovery, organic removal and long-term stability. Bivariate linear 
regression was used to simulate the ultimate ammonia and alkalinity concentrations when 
additional NH4HCO3 was added. The effect of substrate C/N ratios on the microbial 
reproducing yields is also briefly discussed. 
 
3.2 Methods and apparatus 
3.2.1 Feedstock 
Considering the present and predicted production of OFMSW (Hoornweg, Daniel and Bhada-Tata, 
Perinaz, 2012), OFMSW with 0%, 20%, 40% and 50% of PW was prepared. The FW and PW were 
made artificially to ensure their compositions remained relatively unvaried during the long-term 
operation. The FW was prepared according to the previous results of a local survey (Li et al., 2003). 
Its recipe included 20% staple foods, 14% animal products, 30% fruit waste and 36% vegetable waste. 
Those materials were crushed by a high-speed blender (Eberbach, Waring E8000), adjusted with tape 
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water to form a FW slurry with a TS content of about 10%, and stored at 4 °C. The PW was prepared 
by mixing toilet paper, office printing paper and newsprint paper in a 1:1:1 ratio (on an air-dried 
basis). The office printing paper and newsprint paper were produced from paper in our office and 
shredded into 2×10 mm pieces before getting mashed into toilet paper pulp. The PW was also adjusted 
to form a PW slurry with a TS content of about 10%. Then the FW and PW slurries were mixed 
thoroughly according to the planned ratios to make the OFMSW. Chloride salts of trace elements 
were added to ensure every 1 kg of OFMSW contained 10 mg of iron, 1 mg of nickel and 1 mg of 
cobalt. The characteristics of OFMSW with different contents of PW are listed in Table 3.1.  
3.2.2 Reactors and start-up 
A schematic diagram of the 2PAD system is shown in Fig 3.1. The system was made up of 
two CSTR reactors with working volumes of 3 L and 12 L, respectively. The 3-liter reactor 
served as the primary acidogenic phase (AP) and the 12-liter one functioned as the secondary 
methanogenic phase (MP). The liquids in the reactors were mixed mechanically by impellers 
installed at different depths. The temperature inside the reactors was maintained by water 
jackets as outer layers (EYELA, NTT-20S). The AP and MP were operated at thermophilic 
(55.0 ± 1 °C) and mesophilic (37.5 ± 1 °C) conditions, respectively. The feeding of OFMSW 
and drawing of the materials was done by roller pumps (FURUE SCIENCE, RP-LV2) 5 
times per day. During the last days of feeding OFMSW with 40% PW, feeding and drawing 
were conducted manually due to the severe clogging problem of the feedstock. The hydraulic 
retention time (HRT) for the whole system was controlled at 30 days. No extra alkaline 
reagent was used for the pH adjustment in the acidogenic phase. The operating conditions 
are summarized in Table 3.2.  
The mesophilic methanogenic phase was initially inoculated with anaerobic sludge from a 
full-scale mesophilic digester in the local wastewater treatment plant. The acidogenic phase 
was inoculated with thermophilic sludge that had been domesticated from the same 
mesophilic sludge. The system was started up by operating the system at an HRT of 100 days 






Table 3.1 Characteristics of OFMSW with different contents of PW. 
Item Unit 
PW/OFMSW (%) 
0 20 40 50 
TS % 10.9 10.9 10.7 10.4 
VS % 10.2 10.1 9.8 9.5 
VS/TS % 94.1 93.2 91.6 91.4 
Total COD g/L 159.4 139.1 142.2 130.3 
Total carbohydrates g/L 57.5 75.3 73.7 70.1 
Total Protein g/L 22.4 18.7 17.0 11.0 
Lipid g/L 1.3 0.9 0.8 0.5 
Supernatant COD g/L 78.7 66.6 48.8 39.8 
Supernatant carbohydrates g/L 26.4 23.5 22.3 11.2 
Supernatant Protein g/L 7.8 7.2 7.1 4.2 
Particulate COD g/L 16.9 20.3 90.4 90.6 
Particulate carbohydrates g/L 32.7 53.0 46.9 60.0 
Particulate Protein g/L 14.6 11.5 9.2 6.8 
Filtrate COD g/L 68.9 56.2 42.9 37.2 
Filtrate carbohydrates g/L 28.3 21.2 10.8 9.8 
Filtrate protein g/L 6.8 6.7 6.3 5.4 
pH - 4.19 4.67 4.85 5.19 
Ammonia g-N/L 0.05 0.04 0.06 0.06 
HAc mg/L 917 1026 1505 934 
HPr mg/L 100 78 145 62 
i-HBu mg/L 72 86 190 98 
HBu mg/L 14 106 107 79 
i-HVa mg/L 24 88 69 4 
HVa mg/L 12 58 48 1 
HCa mg/L 0 44 19 33 
HLa mg/L 13051 10820 16835 12274 






Fig 3.1 Schematic diagram of the two-phase anaerobic digestion (2PAD) system. 
 
Table 2 The operating and feeding conditions in this study. 
OFMSW  PW= 0% PW= 20% PW= 40% PW= 50% 
HRT combination days: days 6: 24 
Temperature combination °C: °C 55.0: 37.5 
TS loading rate kg/m3/d 3.63 3.62 3.56 3.45 
VS loading rate kg/m3/d 3.41 3.37 3.26 3.16 
COD loading rate kg/m3/d 5.31 4.64 4.74 4.34 
 
3.2.3 Chemical analysis 
The volume of generated biogas was measured by wet gas meters (SHINAGAWA, W-NK-
0.5B). The volumetric composition (N2, CH4 and CO2) of the biogas was detected by a gas 
chromatograph equipped with thermal conductivity detector (GC-TCD, Shimadzu GC-8A). 
It was installed with a 2 m stainless steel column packed with Porapak Q. The carrier gas was 
argon. The oven was maintained at 70 °C and both the injector and the detector were 
maintained at 100 °C.  
Sampling of the sludge was conducted twice for chemical analysis. Total solids (TS), volatile 
solids (VS) and chemical oxygen demand (COD) were analyzed according to standard 
































minutes to separate the suspended solids (SS) and the supernatant. The pH was detected by 
a pH meter (TOA-DKK, HM-30R) in the open air. Carbohydrates, proteins and lipids were 
determined according to the widely-adopted methods (Bligh and Dyer, 1959; DuBois et al., 
1956; LOWRY, 1951). Two points of alkalinities were determined by titrating the 
supernatant to the terminal pH of 6.5 or 4.8. The filtered (Millipore, PES 0.45 μm) 
supernatant was analyzed for the ammonia and fermentation products. The concentrations of 
ammonia nitrogen was determined using the colorimetric indophenol method (Bolleter et al., 
1961). Among the fermentation products, volatile fatty acids (VFA) and ethanol were 
detected by gas chromatography equipped with a flame ionization detector (GC-FID, Agilent 
6980N). The DB-WAXetr column was use for separation. Lactic acid was detected by 
capillary zone electrophoresis with the standard solution of D/L-lactic acid. The organic 
elemental components of the feedstock were analyzed with Elementar. The lignin content of 
the feedstock materials was analyzed using the van Soest method (VAN SOEST, P. J., 1963). 
The organic elements and the lignin content is shown in Table 3.3. 
 
Table 3.3 Organic element components and lignin contents in the raw and the lignin-stripped 
feedstock OFMSW. 




  (%TS) (%TS) (%TS) (%TS)  (%TS)  
Raw 
(apparent) 
PW=0% 48.62 6.64 39.31 3.20 C6H9.76O3.64N0.34 11.9 15.1 
PW=20% 46.87 6.34 41.44 2.59 C6H9.67O3.98N0.28 10.4 18.4 
PW=40% 45.12 6.04 43.57 1.98 C6H9.57O4.35N0.23 8.9 22.4 




PW=0% 40.97 5.91 35.78 3.20 C6H10.31O3.93N0.40 - 12.9 
PW=20% 40.18 5.70 38.36 2.59 C6H10.15O4.30N0.33 - 15.6 
PW=40% 39.38 5.49 40.93 1.98 C6H9.97O4.68N0.26 - 19.8 





3.2.4 Calculation and simulation 
The organic removal efficiencies in different items were calculated as the removed amount 















where cin is the concentration of a specific item in the feeding feedstock, [g/L] and c2 is the 
concentration of the specific item in the 2nd reactor, MP, [g/L]. 
One of the primary aims of the long-term operation was to reach the steady state under the 
designed operating conditions. Generally, a long-term operation refers to one where the 
duration is no shorter than 3 times of the HRT. However, it is less practical to conduct an 
entire experiment plan with a series of conditions of long HRTs to observe the long-term 
behavior. On the other hand, in a system with a long HRT, much of the performance was 
presented in the transient state rather than in the steady state. Between each of the feeding 
intervals under long HRT conditions, the outcome of the series of reactions was more 
significant than the kinetic course. Thus, transient data was used to find the ultimate 
concentrations of the conservative matters, such as the inorganic elements. When the two 
reactors were CSTRs with an ideal flow (no short flow or dead zone), the concentrations in 

































































where V1 is the volume of the 1
st reactor (AP), 3 L; V2 is the volume of the 2
nd reactor (MP) , 
12 L; c1,0 is the initial concentration in AP, [g/L]; c1,n is  the concentration in AP after the n
th 
feeding, [g/L]; c2,0 is  the initial concentration in MP, [g/L]; c2,n is  the concentration of in 
MP after the nth feeding, [g/L]; n is the ordinal number of the feeding; and v is  the volume 
for every feeding, [L]. 
Obviously, c2,n approaches cin when the value of n is sufficiently large. Given the determined 
feeding strategy for semi-continuous operation, the exponential terms could be abbreviated 
into independent variables, x1 = (1 ‒ v/V1 )
n and x2 = (1 ‒ v/V2 )
n, which merely depend on the 
volume for every feeding and the number of feedings. Hence, the equation was simplified to 
the following bivariate linear equation. The ultimate concentration was the intercept in the 
results of the regression. 
 22110 xaxaay   (3.4) 
where a0, a1 and a2 are respectively the constant item, the coefficient for x1 and the 
coefficients for x2, with the dimension of concentration.  
In this study, the distribution of nitrogen is to be investigated with this assumption. 
Approximation was performed after assuming the existence of other forms of nitrogen, such 
as nitrite or nitrate, were too small to be counted in the total nitrogen. Also, the nitrogen loss 
in the bulk liquid caused by denitrification or precipitation was negligible. Hence, the organic 
nitrogen and the ammonia nitrogen were the two major forms of nitrogen. Supposing that the 
fraction of nitrogen had been determined since a fixed content of OFMSW was fed in to the 
system, the final ammonia-nitrogen concentrations could be estimated with Eq 3.4 by 
regressing with the time course of detected ammonia-nitrogen concentrations. Thus, the 
intercept of the regressed linear equation refers to the ultimate concentrations of remaining 
ammonia. Afterwards, the microbial yield coefficient (COD basis) could be calculated with 
the ultimate remaining ammonia using following reaction equations (Qiang et al., 2012; Qiao 




























where δ = 4a + b – 2c – 3d, e is the methane fraction in the feeding COD, s is the fraction of 
cell synthesis in the feeding COD. 
Supposing the COD was 100% degraded, the methane and cell synthesis accounted for 100% 






























In fact, the physical significance of the coefficient, i.e. the molar ratio of the synthesized cell 
to the feeding feedstock, could be calculated more directly from the experiment results. As 

















































  (3.7) 
where nVS is the number of moles for the OFMSW fed into the process every time, [mol]; 
and ncell is the number of moles of the synthesized cells (C5H7NO2) every time drawn from 
the process, [mol]. 
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For Eq 3.7, the molar amount of the feeding OFMSW was calculated based on the VS 
concentrations and the simulated molecular weight, as showed in Eq 3.8. The molar amount 
of the synthetized cells was equivalent to the molar amount of nitrogen in the cells according 
to Eq 3.9, which could be obtained by the subtraction of the total ammonia nitrogen from the 
total inflow nitrogen. Since the amount of COD in the two reactions could be represented by 
the methane and a fixed coefficient of 64 g-COD/mol-CH4, the COD base coefficient of 
microbial yields was calculated with the ratio of methane in the two equations, as Eq 3.10. 
 VSVSVS








































where cVS is the VS concentrations determined by the experiment, [g/L]; MVS is the molar 
mass of the feedstock obtained from the elemental analysis, [g/mol]; 
N-ultNH3
c  was the 
ultimate ammonia-nitrogen concentration, [g-N/L]; a, b, c and d are the atom numbers in the 
molecular formula of the feedstock (CaHbOcNd ), respectively. 
 
3.3 Results and discussion 
3.3.1 Long-term operation 
The long-term performance of the AP and MP are shown in Fig 3.2 and Fig 3.3. Since the start-up 
period of the system, almost no biogas was produced in the AP throughout the operation. The pH in 
the AP fell below 4.0 when the long-term operation started, and then kept rising from 3.86 in the FW 
period to 4.42, 4.73 and 4.77 when the feeding OFMSW consisted of 20%, 40% and 50% of PW, 
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respectively. In the AP, the majority of the fermentation products were lactic acid (HLa), ethanol 
(EtOH) and acetic acid (HAc). The concentrations of lactic acid varied around 15 g/L during the 
operation. The concentrations of ethanol and acetic acid decreased along with the increase in the PW 
content. It would appear that the carbohydrates in the AP were fermented using a homolactic pathway, 
where lactic acid was the only fermentation product without gas emission. Lactic acid has a stronger 
acidity with a pKa of 3.86 (Eyal and Canari, 1995), lower than that of VFA with a lumped pKa of 4.8 
(Batstone et al., 2002). The accumulated lactic acid in the AP probably led to the inhibition of other 
fermentation pathways, including hydrogen fermentations (Noike et al., 2002). 
The biogas production rates (GPR) and the methane content in the biogas of the MP reactor both 
decreased from 3.22 to 2.69 and 2.58 L/L/d and 59.2% to 57.9%, 56.8% and 54.0%, with the PW 
content becoming higher from 0% to 20% and 40%, respectively. The pH in the liquid in the MP also 
decreased from 7.78 to 7.68, 7.33 and 7.18. There was a short period between the 276th and 289th day 
when the system was fed with an OFMSW containing 60% PW:  the sharp decrease in the ammonia 
concentration was likely because the OFMSW containing 60% PW induced methanogenic failure due 
to the deficiency of nitrogen. Also, in the case of FW, the PW ratios in the present and predicted 
scenario were less higher than 1, i.e. the PW/OFMSW ratios were less than 50% (Hoornweg, Daniel 
and Bhada-Tata, Perinaz, 2012). In the following operation, therefore, ammonium bicarbonate was 
added to supply ammonia nitrogen on the 294th and 303rd days and the PW content of the feedstock 
was reduced to 50%. However, the ammonia nitrogen continued to decrease during this period. 
This indicates that when the OFMSW contains 50% PW, mesophilic methanogenesis in the 
2PAD required extra ammonia nitrogen to be supplemented to the system. When the 
ammonia concentration was maintained at around 450 mg-N/L, the MP had a GPR of 2.44 
L/L/d, a methane content of 54.0% and a pH of 7.18. Throughout the operation, the 
accumulated VFA varied less than 500 mg-HAceq/L and no other fermentation products (La 
and EtOH) were detected in the MP. When treating the OFMSW containing 0%, 20%, 40% 
and 50% PW, the biogas recovery yields were 755, 630, 606 and 572 L/kg-VSfed, 










Fig 3.2 Time course of (a) biogas production rate (bioGPR or GPR), (b) pH and (c) 
fermentation products in acidogenic phase (AP) and the mean values of (d) pH and (e) 
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Fig 3.3 Time course of (a) GPR, (b) methane content in biogas and (c) pH in methanogenic 
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3.3.2 COD balance, organic removals and effluent quality  
The electron flows could be illustrated in the COD balance in and out of the process, as 
shown in Fig 3.4. In each operation, with the OFMSW containing a specific PW content, the 
total COD (T-COD) in the feedstock served as 100% and the particulate COD (P-COD), 
supernatant COD (S-COD) and equivalent methane COD (CH4-COD) were presented as 
their percentages in the total COD of the feedstock. For FW, about half of the influent COD 
was in form of particulates. The share of P-COD in the feedstock increased as the PW content 
increased. Owing to the solubilization in the AP, about 23% of the P-COD in the FW was 
converted to S-COD. The difference in the P-COD from the feedstock in the AP became 
smaller when the PW content increased, suggesting the effect of the AP gradually diminished, 
accordingly. Since no biogas is produced in the AP, its T-COD at each condition was almost 
conserved; that is, it remained almost the same as that of the feedstock. In the effluent of the 
MP, the shares of both P-COD and S-COD increased with the decrease in the shares of CH4-
COD, with increasing PW content. 
 
Fig 3.4 COD balance of the 2PAD process under different feeding conditions. 
 
The organic removal efficiencies of total organics (TS, VS and COD), organic components 
























































and are summarized in Fig 3.5. The values of TS, VS and COD items are considered to 
represent the behavior of all the organics, which explains the similar trends in their values 
when the PW content increased. When the PW content was 40% or less, the organic removal 
efficiencies of TS, VS and COD were about 75%, 80% and 77%. Those values decreased to 
67%, 72% and 69% when the PW content was 50%, approximately 8% lower than the values 
at 40%. 
 
Fig 3.5 Organic removal efficiencies on the items of (a) TS, (b) VS, (c) COD, (d) 
carbohydrates, (e) proteins and (f) lipids. 
 
However, since carbohydrates, proteins and lipids are different types of organics, distinct 
differences between them were observed. When the PW content was 0%, 20% and 40%, 
more than 90% of carbohydrates and more than 70% of lipids were degraded in the 2PAD 
system with a retention time of 30 days. Comparatively, the removal efficiency of protein 
was only about 40% for FW and OFMSW that contained 20% PW. The considerably lower 
removal efficiency of protein than the other two components could be attributed to the lower 
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efficiency when the PW content was 50%, suggesting that the protein in the MP was even 
higher than the feedstock then. When ammonium bicarbonate was added to the MP, the 
external nitrogen source significantly promote the synthesis of protein, resulting in a higher 
protein value in the effluent than the original feedstock. 
The distributions of remaining organics were discussed according to the qualities of the MP 
effluent during each feeding condition, as listed in Table 3.4. The particulate values (P-COD, 
P-Carbohydrate and P-Protein) were calculated as the subtraction of the supernatant values 
(S-COD, S-Carbohydrate and S-Protein) from the total values (T-COD, T-Carbohydrate and 
T-Protein). Also, the items with the prefix of “F-” refer to the concentrations in the filtered 
supernatant (0.45μm, hydrophilic PES, Millipore). Polysaccharides, such as starch, cellulose 
and hemicellulose, were detected as particulate carbohydrates. Moreover, the higher PW 
contents in the OFMSW suggested a higher cellulose fed into the system. The amount of P-
Carbohydrates which remained in the effluent increased with the increase in the PW content. 
This implies that the hydrolysis of polysaccharides was the limiting rate of the degrading 
carbohydrates. The relatively low distribution of carbohydrates in the filtered supernatant 
(colloid and soluble parts) also led to this conclusion. In the case of protein, the total amount 
of protein in the effluent ranged between some 12~14 g/L throughout the operation. The MP 
probably maintained a stable concentration of protein in the reactor. Because there is very 
little protein in the PW (Kobayashi et al., 2012b; Zheng et al., 2013), adding PW into FW 
diluted the protein content of the OFMSW. This led to a decrease in the protein removal 
efficiency using the calculation method outlined in the earlier section. 
With the increase in the PW content, the COD, carbohydrate and protein increased in the 
supernatant and decreased in the filtered solutions. It is possible that some compounds 
originating from the paper products were suspended in the supernatant. The changes in the 
trends of organic distribution described above may be attributed to compounds which may 
have been attached to other organics: for example, carbohydrates or proteins may have been 
on their surface. Based on the supernatant, the reject coefficient of filtration for carbohydrates 
or proteins increased to more than 90% when the PW content was 50%. This suggests a high   
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Table 3.4 Effluent qualities of MP during each feeding condition. 
  PW= 0% PW= 20% PW= 40% PW= 50% 
Total COD g/L 32.8 30.8 36.2 40.6 
Total carbohydrates g/L 3.4 4.2 7.2 9.6 
Total Protein g/L 12.9 11.8 14.3 12.0 
Supernatant COD g/L 6.1 7.4 7.3 10.9 
Supernatant carbohydrates g/L 0.5 0.5 1.0 0.9 
Supernatant Protein g/L 2.6 1.6 3.2 4.2 
Particulate COD g/L 26.7 23.4 28.9 29.6 
Particulate carbohydrates g/L 2.9 3.9 6.4 8.7 
Particulate Protein g/L 10.3 10.1 11.0 7.9 
Filtrate COD g/L 2.2 1.1 1.7 0.9 
Filtrate carbohydrates g/L 0.21 0.10 0.08 0.08 
Filtrate Protein g/L 0.84 0.55 0.47 0.25 
HAc mg/L 77 45 272 10 
HPr mg/L 85 18 71 8 
i-HBu mg/L 19 6 0 0 
HBu mg/L 15 24 12 3 
i-HVa mg/L 25 7 4 0 
HVa mg/L 8 6 2 0 
HCa mg/L 0 0 3 0 
HLa mg/L 0 0 0 0 
EtOH mg/L 0 0 0 0 
 
PW content in the OFMSW may result in a lower concentration of organics in the reject water 
of the membrane filtration of the digestate. 
3.3.3 Alkalinity, ultimate ammonia concentration and microbial yields  
The time courses of total ammonia (TA) concentration, alkalinity-6.5 and alkalinity-4.8 in 
the MP effluent are shown with their respective summaries in Fig 3.6. The dashed lines 
connect the simulated values for the MP while the solid lines connect the average values of 
the experimental results under each steady state, except for a PW content of 50%. Since 
external ammonium bicarbonate was added to the MP, the data sources of the averages and 
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the simulations were from the duration between the twice addition from 303rd and 346th day. 
When the PW content was 0%, 20% and 40%, the averages were close to the simulated values, 
suggesting the actual chemical construction in the MP reactor was close to the ideal steady 
state during operations at those contents. Scatter plots comparing the experimental and 
simulated values could be seen in Fig 3.7. Since the simulated parameters could be well 
determined by the data from the whole periods instead of just the steady states, the obtained 
parameters were used for the following discussion. 
The TA concentration was 1800 mg-N/L when no PW was added to the feedstock, which 
was the reason for considering FW as the nitrogen abundant biomass. With increasing PW 
content, the concentrations of TA, alkalinity-6.5 and alkalinity-4.8 decreased accordingly. 
When the PW content reached 50%, the ultimate ammonia concentration was -4 ± 17 mg-
N/L, implying extra nitrogen might be required to treat this sort of OFMSW. Thus, 50% PW 
could be the critical limit for the TPAD of OFMSW due to nitrogen deficiency. 
The actual existing forms of alkalinity were anions, such as bicarbonate, acetate, lactate, etc, 
while the alkalinity contributors in the anaerobic sludge may have originated from ammonia 
and other alkalic compounds. A large quantity of ammonia was released from the 
deamination of amino acids during protein degradation, and other alkalic components 
(minerals) were brought into the process along with the raw materials. They reacted with 
inorganic acids (basically carbonic acid) and organic acids (VFA and La) in the fermentation 
and were present in the liquid as their salts. According to their origins, the detected 
alkalinities were divided into “ammonia-originated” alkalinity (AA) and “inorganic-
originated” alkalinity (IA). The former (AA) was evaluated to have the capacity of the 
bicarbonates, equivalent to the total moles of ammonia, to neutralize the protons during the 
pH changes (initial pH to 6.5 or 4.8) in the titration, and the IA was the difference between 
the detected alkalinities and AA. Despite the drop in ammonia to below 0, the IA-6.5 and IA-
4.8 remained around 592 and 1905 mg-N/L, respectively, likely resulting in the pH in the 
MP being maintained above 7.0. As shown in Fig 3.8, the total alkalinity was majorly varied 






Fig 3.6 Time course of (a) total ammonia (TA) concentration, (b) alkalinity-6.5 and (c) 
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Fig 3.7 Comparison between the estimated and experimental values of (a) ammonia 
concentration, (b) alkalinity-6.5 and (c) alkalinity-4.8. 
  







































































































Fig 3.8 The changes of (a) detected alkalinity, (b) “ammonia-originated” alkalinity (AA) 



























































































found in the effluent. Once PW was added to the system, the IA-6.5 and IA-4.8 reached 
relatively stable values of about 568 mg-N/L and 1997 mg/L, respectively. Because the low 
concentrations of accumulated VFA occupied only small shares of the alkalinity, most of the 
alkalinity existed as bicarbonate in the liquid. This indicates it is probable that the IA might 
be able to prevent the pH from falling below 6.5 to inhibit methanogenesis when feeding 
with 50% PW.  
The remaining ammonia concentrations to different PW contents was not a linear decline but 
a downward convex curve, implying a change in the microbial reproduction with different 
PW contents. To evaluate these changes, the microbial yield coefficients were calculated. 
Since the presumption was conducted by supposing if the organic compounds were 
completely degraded, the undegradable fractions of lignin were removed from the elemental 
components based on the lignin contents and the empirical molecular formula of Organosolv 
lignin (C81H92O28) (de la Torre et al., 2013). Thus, the apparent and the true C/N (carbon to 
nitrogen, g/g) ratios were calculated based on the elemental results before and after removing 
the shares of lignin.  
The biomass yield coefficients (Y) varied with C/N ratios, as shown in Fig 3.9. After 
removing 8~12% (TS) of lignin, the true C/N ratios dropped about 2.56 ± 0.20 while the 
values of Y increased about 2.22 ± 0.19%. It is manifest that a higher C/N ratio represented 
a higher PW content in the OFMSW. When only fed with FW, Y was 14.7% (COD) or 103.7 
mg-cell/g-COD, which is close to the higher value in the empirical range. The lowest Y was 
found to be 13.5% when PW content was 20%. Combined with its removal efficiency, the 
results suggest that an OFMSW with a degradable C/N ratio of 15.5 could minimize the 
microbial production without influencing the removal performance. The values of Y 
increased along with the C/N ratios when the C/N was higher than 15.5, and was as high as 
19.0% when the true C/N ratio reached 23.2. A higher microbial yield might explain the 
dramatic drop in ammonia when the PW content was 50%. From another point of view, the 
total ammonia concentration in the digested effluent could be lessened by maintaining the 




Fig 3.9 The changes of microbial yield coefficients over different C/N ratios. 
 
3.3.4 Energy estimation 
In the treatment plant, whether or how much PW was mixed with FW does not affect the 
total amount of the to-be-treated FW. Adding PW to the anaerobic digestion process will 
surely generate more biomethane and bioenergy. With a fixed amount of FW, the increment 
in methane production and bioenergy production by adding PW was estimated based on the 
results from this study and a bioenergy production efficiency of 40%. 
Table 3.5 The increment on the methane production and power generation by mixing extra 
PW 
 (unit) PW=0% PW=20% PW=40% PW=50% 
Methane yield m3/ton-VSfed 447 365 344 309 
Methane yield m3/ton-VSFW 447 456 573 618 
Bioenergy production MW·h/ton-VSFW 1.98 2.02 2.53 2.73 









































As is shown in Table 3.5, the increase in the methane production and bioenergy production 
were clear when adding 66% and 100% (TS, compared to FW) of PW, corresponding to PW 
contents of 40% and 50% in the mixed OFMSW. Combined with the other aspects described 
above, the OFMSW containing 40% PW resulted in the most stable performance for the 
2PAD process and the most efficient energy increment for a fixed amount of FW. 
 
3.4 Conclusions 
Food waste (FW) and paper waste (PW) are the two major components of the organic fraction 
of municipal solid waste (OFMSW). Due to the current waste collection practices, the FW 
component contains a fraction of PW. The effect of the PW content on the anaerobic 
digestion process have yet to be clearly ascertained. In this study, a lab-scale two-phase 
anaerobic digestion (2PAD) process was operated to investigate the effect of PW content on 
the system. 
OFMSW was artificially prepared with FW and PW, consisting of 0%, 20%, 40% and 50% 
PW, respectively. Stable performance was observed in the long-term operation of 2PAD for 
PW ≤ 40%, with VS removals around 80%. When fed with 50% PW, the VS removal rate 
decreased by 8% and the methanogenic reactor required extra NH4HCO3 addition. 
The ultimate concentrations under the steady state were predicted by simulation using the 
data from the transient state. Little difference was found between the simulated values and 
those obtained from experimental steady state. A comparison of the two alkalinity 
contributors and ammonia revealed that ammonia was the major contributor for pH-buffering 
alkalinity. The calculated microbial yield coefficients indicated that a higher C/N ratio in the 
feedstock stimulated the microbial yields and exacerbated the nitrogen deficiency. Energy 
estimations suggested that significant improvements on the determined amount of FW 
occurred only when PW content was higher than 40%. Finally, it was determined that the 
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Upgrading of biofuel from biomethane into 
biohythane by adjusting recirculation ratio 
in the temperature-phased anaerobic digestion 
of food waste 
 
4.1 Introduction 
At the heart of our vision of the future is hydrogen, the green energy carrier. Before 
achieving the ideal society, it is necessary to have a practical transitional fuel. Considering 
the present state of the widespread consumption of low-carbon fuels, hythane is regarded 
as a promising candidate for this role.(Mehra et al., 2017) Hythane is an enhanced fuel 
gas comprised of hydrogen (10~25% v/v) and methane (Wang et al., 2007). It has been 
show to improve combustion performance in the engine and reduce the emission of NOx 
gases (David Serrano et al., 2010). The production of hythane by means of anaerobic 
digestion has potential as a means of addressing another one of the world’s most 
challenging dilemmas: the disposal of food waste (FW) (Cheng et al., 2016a). At present, 
the amount of food waste being produced globally is growing in parallel with the growth 
in population. Without proper disposal, FW will bring about serious problems in urban 
areas with regard to hygiene and present numerous environmental concerns (Chen et al., 
2017). As a cost-effective and efficient waste reduction process, anaerobic digestion is 
operated at relatively moderate temperatures and pressure, and a considerable quantity of 
biogas is produced as compensation for the energy consumption (Sen et al., 2016). 
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Anaerobic digestion includes a complexed network of reactions, which could be mainly 
divided as two phases: acidogenic phase and methanogenic phase (Ghosh et al., 1995). 
Each phase has its dedicated microbial community so separating the two phases into two 
reactors makes it possible to optimize their conditions simultaneously. Organic matters 
are subject to both hydrolysis and acidification in the acidogenic phase, and then 
transformed into methane in the methanogenic phase. An anaerobic process which 
achieves phase separation is referred to as two-phase anaerobic digestion. When operated 
under proper conditions, the acidogenic phase could conduct dark fermentation to 
produce biohydrogen, on which intense researches were reported (Cheng et al., 2016b; 
Ghimire et al., 2015; Palomo-Briones et al., 2017). Thus, combining biohydrogen and 
biomethane production from the two-phase anaerobic digestion realized the continuous 
biohythane production from biomass (Wieczorek et al., 2014). 
Hydrogen is produced at the pH higher than 4.0 in dark fermentation conditions (Ghimire 
et al., 2015). Due to the spontaneous spoilage of FW during its preservation, FW typically 
contains high concentrations of lactic acid (HLa) with a pH of about 4.0 (Gram et al., 
2002). Because the hydrogen-producing acidogenic phase has to endure the acidity shock 
from HLa, a consirable amount of alkaline addition is required to neutralize the acidity 
and creating suitable pH environment for stable hydrogen production (Kobayashi et al., 
2012). On the other hand, the methanogenesis of the anions of organic acids produces 
equivalent charges of bicarbonates (Batstone et al., 2002, p. 1). Recover the alkalinity 
from the anaerobic effluent could reduce the cost associated with alkaline consumption 
in hydrogen fermentation (Cavinato et al., 2012, 2011; Micolucci et al., 2014). 
Recirculation plays multiple roles on the anaerobic process apart from neutralization: 
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diluting the high-solid feedstock and retaining the hydrogen-producing microbes (Chu et 
al., 2008; Li et al., 2003). The importance of supplying microbes from the effluent to the 
dark fermentation of FW was confirmed by the poorer performance of a TPAD with 
automatic pH control but no effluent recycling (Kobayashi et al., 2012). However, there 
is concern that by recycling the suspended solids from the methanogenic effluent, the 
hydrogenotrophic methanogens, which were also introduced, would lower hydrogen 
production (Kraemer and Bagley, 2005). Heat-treatment and nitrification of the 
recirculated sludge have been demonstrated as effective ways to prevent methanogens 
from decreasing hydrogen production (Kim et al., 2004; Kobayashi et al., 2012; Lee et 
al., 2010). It should be noted, still, that these methanogenic deactivations were conducted 
in extra processing units. The direct recirculation of the whole effluent could save both 
space and expense. Nevertheless, another concern exists that the more electricity was 
required when the recirculation ratio (R) was high, which were around 1.0 ~ 4.3 in the 
previous researches (Chinellato et al., 2013; Chu et al., 2008; Kobayashi et al., 2012). 
Further study has to be conducted to make the process more cost-effective by solving the 
problems mention above. 
Moreover, the knowledge is still limited on the in situ biofuel upgradation from 
biomethane into biohythane. The conditions for continuous hydrogen fermentation are 
generally higher than those for continuous methane fermentation, which accrues more 
difficulties on the continuous hythane fermentation from anaerobic process. In this study, 
we achieved a shifting from biomethane production into biohythane production 
successfully. As a consequence, we harvested a novel process solving the three existing 
problems in the hydrogen fermentation of the recirculated two-phase anaerobic process 
as mentioned above: methanogenic inhibition, direct recirculation and low recirculation 
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ratio. This paper is the first report focused on transforming the function of the recirculated 
process from the two-stage methane fermentation to two-phase hythane fermentation. The 
experience from this study initiated a novel strategy for the upgrading biofuel production 
in full-scale plants. 
 
4.2 Methods and apparatus 
4.2.1 Experiment setups 
In this study, the concept of temperature-phased anaerobic digestion (TPAD) describes 
the configuration of the process. Two-stage biomethane production and two-phase 
biohythane production were the different functions achieved in the TPAD process. Two 
series of processes, the TPAD process and the recirculated TPAD (R-TPAD) process, 
were installed according to the schematic diagram in Fig 4.1. 
 
Fig 4.1 Schematic diagram of TPAD and R-TPAD systems. 
 
In each process, cylinder reactors were used as the continuous stirred-tank reactors 
(CSTR). Continuous mixing inside the reactor was achieved by paddles on the spinning 












































shaft, which was driven by an electric motor. The tightness of the liquid and gas was 
checked after finishing the installation of reactors. Each reactor was primarily designed 
with a water jacket surrounding the reacting chamber in order to maintain the temperature 
inside the reactor. The reactors were insulated against heat loss by a foam layer packed 
around the water jacket. Hot water was continuously heated by heaters (NTT-20S, 
EYELA) and pumped through the water jacket. The temperature inside the reactor was 
monitored with electronic thermometers. The reactors were fed semi-continuously with 
the draw-and-fill strategy. The influent and the effluent of the reactor was transported by 
roller pumps (FURUE Science, RP-LV2). Those pumps were controlled by timers to run 
5 times per day. 
The two reactors for the control TPAD process were marked C1 and C2, respectively, and 
the two reactors for the R-TPAD process were marked R1 and R2, respectively. The first 
stages, C1 and R1, were operated in the thermophilic condition (55 ± 1 °C), with a 
working volume of 3 L. The second stages, C2 and R2 were operated in the mesophilic 
condition (37 ± 1 °C), with a working volume of 12 L. The recycling in the R-TPAD 
system was accomplished by an independent two-channel roller pump which exchanged 
the same volume of slurry between R1 and R2. The recycling ratio was defined as the 
daily volume of slurry pumped from R2 into R1 divided by the daily volume of the 
feeding substrate. The start-up of each process was conducted by operating the HRT of 
the whole process over 100 days for 2 weeks and then 50 days for 2 weeks. Then the HRT 
of the processes was shortened to 30 days for long-term operation. When the HRT was 
30 days, operation time was divided into RUN 1, 2 and 3, and the recirculation ratios of 
R-TPAD for these runs were 1.0, 0 and 0.4, respectively. In the case of the TPAD, the 
operating conditions remained stable from RUN 1 through to RUN3.  
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4.2.2 Inoculum and feedstock 
Both C2 and R2 were filled to the working volume with mesophilic sludge obtained from 
an anaerobic digester in the local wastewater treatment plant, where the municipal 
wastewater was treated. The thermophilic reactors C1 and R1 were filled with the 
thermophilic sludge domesticated from the same mesophilic sludge. 
In order to ensure the feedstock had stable characteristics over a relatively long period of 
time, the FW feedstock was artificially prepared once a month in accordance with the 
method described in a previous study (Li et al., 2003). The ingredients were purchased 
and diced. Then they were roughly mixed, minced and then crushed by a high-speed 
blender (8000 Waring, Eberbach). The slurry was fully mixed before being stored at 4 °C 
in a refrigerator. The FW slurry was adjusted with tap water to make a TS content of 10% 
and added to the substrate tank once a week. Solution supplying trace elements for 
methanogenesis were added to the FW to provide a concentration of 10 mg-Ni/L and 10 
mg-Co/L (both as chloride salts). The substrate tank was maintained below 4 °C by a 
cooler (CF800, Yamato). To avoid aeration of the substrates and the consequence of over-
deterioration, the substrate tank was mixing only when the feeding pump was running for 
C1 and R1. The characteristics of the artificial FW is listed in Table 4.1 and the operating 
conditions of the two processes are summarized in Table 4.2. 
4.2.3 Chemical analysis 
The daily biogas production of each reactor was measured by independent gas meters (W-
NK-0.5B, Shinagawa). Their respective volumes under Standard Temperature and 
Pressure (STP, 0 °C and 1 atm) were calculated based on the atmospheric temperature 
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and pressure. The N2, CH4 and CO2 contents in the gas phase were detected using a gas 
chromatograph equipped with thermal conductivity detector (GC-TCD, Shimadzu GC-
8A). The 2 m stainless steel column packed with Porapak Q was maintained at 70 °C 
during the chromatographic separation. Its carrier gas was argon. Both the injector and 
the detector were 100 °C. The H2 content was determined by another GC-TCD (Shimadzu 
GC-8A) machine with a column packed with a molecular sieve 5A (60/80, Ø 3 mm). The 
temperatures of its injector, column and detector were 100 °C, 70 °C and 100 °C, 
respectively. 
Sludge samples from all the reactors including substrate tank were taken twice a week for 
chemical analysis. The values of pH were read from a desktop pH meter. Solid contents 
(TS, VS, SS, VSS), CODCr were analyzed according to standard methods (APHA et al., 
1995). The contents of carbohydrates, proteins and lipids in the samples were analyzed 
by traditional methods (Bligh and Dyer, 1959; DuBois et al., 1956; LOWRY, 1951). The 
total and partial alkalinities were determined by titration with ultimate pH values of 4.8 
and 6.5, respectively. The ammonia content was determined with the indophenol method 
(Bolleter et al., 1961). Volatile fatty acids (VFA) and ethanol concentrations were 
analyzed with a gas chromatograph equipped with a 30m capillary column (J&W, DB-
WAXetr) and a flame ionization detector (GC-FID, Agilent 6890). The temperatures of 
the injector/detector and oven were 250 °C and 125 °C, respectively. All the VFA 
components were summed up on the basis of COD concentration or equal moles of acetic 
acid according to specific discussion. Lactate concentrations were determined by 
capillary zone electrophoresis (CZE, Agilent 7100) with a (D/L)-lactic acid standard. The 
buffer solution comprised of Tris, quinolinic acid and HDTMA, with a pH at 7.3. 




Table 4.1 Characteristics of FW obtained in each run. 
 
unit RUN1 RUN2 RUN3 
TS % 9.85 10.10 10.76 
VS % 9.25 9.46 10.15 
VS/TS % 0.94 0.94 0.94 
TSS % 7.37 7.98 8.91 
VSS % 7.09 7.66 8.61 
Total COD g/L 157.24 162.02 151.32 
Soluble COD g/L 79.49 84.51 80.70 
Carbohydrates g/L 65.85 55.75 56.22 
Proteins g/L 23.55 25.73 22.68 
Lipids % 1.01 0.97 1.33 
pH - 4.25 4.01 4.01 
Ammonia g-N/L 0.06 0.05 0.05 
Acetate mg/L 1229 885 1145 
Propionate mg/L 19 104 55 
Isobutyrate mg/L 32 125 104 
Butyrate mg/L nd* 41 14 
Isovalerate mg/L nd 63 26 
Valerate mg/L nd 52 24 
Caproate mg/L nd nd nd 
Lactate mg/L 16719 14989 14245 
Ethanol mg/L 4576 6150 5654 







Table 4.2 Operational conditions for the recirculated TPAD system (R1 and R2) in RUN 1~RUN 3 and the control system (C1 and C2) 
in RUN 3. 
  R-TPAD TPAD 
  RUN1 RUN2 RUN3 RUN3 
 unit R1 R2 Total R1 R2 Total R1 R2 Total C1 C2 Total 
Temperature °C 55 35 - 55 35 - 55 35 - 55 35 - 
Working volume L 3 12 15 3 12 15 3 12 15 3 12 15 
Recirculation ratio (R) - 1 0 0.4 0 
Period (Assessing period) day 27~58 (47~56) 59~80 (62~72) 83~110 (92~101) 
HRT day 3 12 30 6 24 30 4.3 17.1 30 6 24 30 
Organic loading rate 
(OLR) 
g-TS/L/d 32.84 1.97 3.28 16.83 1.13 3.37 19.47 4.01 3.61 18.06 4.23 3.61 
g-VS/L/d 30.85 1.49 3.09 15.77 0.88 3.15 18.01 3.64 3.41 17.04 3.98 3.41 




supernatants. The filters (Millipore) were assembled with an hydrophilic PES membrane 
of 0.45 µm pore size, and driven by syringes. 
Three assessing periods were chosen for comparing the performance under different 
conditions since the results of chemical results were relatively stable (relative standard 
deviation < 5%), as listed in Table 4.2. 
4.2.4 Calculation for organic removals in R-TPAD system 
Firstly, the organic removal efficiencies of the whole system were calculated. These were 
defined as the daily degraded amount of mass divided by the daily fed amount of mass. 























Individually for each stage, its contribution to the removal achieved by the total process 



















































where η, η1 and η2 are the removal efficiencies achieved by the total process, the first stage 
and the second stage, respectively; c0, c1 and c2 are the concentration of the item in the 
substrate, in the first stage and in the second stage, respectively, in g/L; Q is the daily flow 
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rate of the feeding FW, in L/d; R is the recirculation ratio, in L-effluent/L-feedstock or 
dimensionless. These equations also applied to the control TPAD system when R=0. 
4.2.5 Simulation for inert matters 
Inert matters refer to the materials whose content could be regarded as constant through 
anaerobic digestion, such as inorganic compounds and total nitrogen. For a batch-fed R-
TPAD process fed in the mode, the concentrations for inert matters in each reactor could 
be determined with following equations. 
    1,11,2in1,1 /2 VcvVcvcvc nnn   (4.4) 
    2,22,11,2 /22 VcvVcvc nnn   (4.5) 
where V1 is the volume of R1, 3 L; V2 was the volume of R2, 12 L; cin is the concentration 
in the feeding stream, in g/L; c1,0 is the initial concentration in R1, in g/L; c1,n is the 
concentration in R1 after the nth feeding, in g/L; c2,0 is the initial concentration in R2, in 
g/L; c2,n is the concentration of in R2 after the n
th feeding, in g/L; n is the ordinal number 
of the feeding, n ≥ 0; R is the ordinal number of the feeding; v is the volume for every 
feeding, in L. 





































































































































 , and the 
intermediate variable are 2
2
2
1 VVU  . 
Since the decaying terms nd1  and 
nd2  were determined by both the volume (v) and the 
times (n) of feeding as well as the process configurations (V1 and V2), their values were 
independent of the initial conditions of concentration. Owing to the similar form of the 





iini dadaac 22,11,0,,   (4.8) 
where the subscript i is 1 or 2 for the first or second stage, ai,0, ai,1 and ai,2 are respectively 
the constant item, the coefficients for nd1   and the coefficients for 
nd2  , with the 
dimension of concentration.  
In this study, experimental data were used to find the ultimate concentrations of ammonia 
and alkalinities with the same operating conditions with RUN1. In anaerobic conditions, 
total nitrogen were regarded constant before and after the digestion, of which the organic 
nitrogen and ammonia-type nitrogen were two the major components. Assuming a fixed 
portion of the total nitrogen was organic nitrogen (in the proteins of the cells) as long as 
the operating condition was unchanged, the time course of the other part of the total 
nitrogen, i.e. ammonia, could meet the form of Eq 4.8. It was also assumed that 
alkalinities were contributed by inorganic compounds that were also constant through the 
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digestion. Compared to Eq 4.6 and Eq 4.7, the constant item ai,0 in Eq 4.8 is the ultimate 
concentrations of ammonia or alkalinity under the condition of R=1.  
4.2.6 Estimation on the savings of direct CO2 emission  
The reduction in carbon footprint were estimated in the replacement of petrol 
consumption based on the equal lower heating value (LHV). The LHV of methane and 
hydrogen were adapted from CRC handbook of chemistry and physics (Weast et al., 1988). 
Petrol has a LHV of about 30 MJ/L and an extra carbon emission of 2.13 kg-CO2/L 
compared to biomethane (Murphy and McKeogh, 2004; Power and Murphy, 2009). 
 
4.3 Results 
4.3.1 Long-term performance 
The time courses of the control TPAD process and the R-TPAD process are shown in Fig 
4.2 and Fig 4.3. At the end of the first two weeks of the start-up period, the methane 
content in C1 decreased with the decrease in the pH to 5.5. Over the following two weeks, 
as the pH decreased from 5.5 to 4.5, hydrogen gas was produced in C1. However, since 
the operation began with an HRT as 30 days, biogas was barely produced in C1 all through 
the following operation. The pH fell to below 4.0. This is likely due to the over 
acidification of C1 caused by the accumulation of high concentrations of lactic acid, 
leading to the inhibition of hydrogen fermentation (Noike et al., 2002). As for C2, the gas 
production rate (GPR) increased gradually to around 2.97 L-gas/L-reactor/d (L/L/d for 
short) in RUN 1 and varied slightly in RUN 2 and RUN 3. The methane contents of C2 
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were about 60 %. The pH value of C2 ranged between 7.5 and 8.0 throughout the 
operating period. Despite the low pH in C1, below 4.0 without pH control, the stable 
operation of C2 proved that methane fermentation was feasible with the use of FW in the 
TPAD process. 
In RUN 1, both R1 and R2 were producing methane, with the GPR as high as 12 L/L/d 
in the former reactor. The methane content in the headspace of R1 was approximately 
61 % in RUN 1. The higher methane content at approximately 69% from R2 implied a 
higher ammonia level in the liquid caused by the further degradation of protein. The pH 
in R1 rose gradually from 7.5 to above 8.0, and the pH in R2 followed the same trend: 
this can likely be attributed to the exchange of liquids from R1 and R2 due to recirculation. 
 
 
Fig 4.2 Time course of gas production rates (GPR), gas contents and pH in C1 (a, b and 


































































































Fig 4.3 Time course of gas production rates (GPR), gas contents and pH in R1 (a, b and 
c) and R2 (d, e, f), respectively. 
 
In order to acidify R1 and achieve the separation of acidogenic and methanogenic phase, 
recirculation was stopped. The GPR in R1 remained above 12 L/L/d at the beginning of 
RUN 2 (60th ~ 73rd day), which was slightly (p = 0.778 > 0.05) higher than that in RUN 
1, whereas the GPR in R2 decreased obviously (p < 0.001) from about 0.55 L/L/d to 0.40 
L/L/d along with the OLR. It is likely that the organics were mainly degraded in R1 since 
the HRT of the FW in R1 was extended without any recirculation. The methane content 
in R1 and R2 in RUN 2 were both similar to those in RUN 1. The GPR, methane content 
and pH in R1 dropped dramatically after the 76th day. It was not until the 80th day, when 
the pH was about 5.5, that hydrogen production started. Thereafter, recirculation was 
resumed and adjusted to 0.4 to prevent over-acidification in the R1. In RUN 3, the 
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a hydrogen content of approximately 49%. Consequently, all the methanogenesis was 
carried out by R2. The GPR grew gradually and the methane content, at approximately 
62%, and pH, at 7.8, remained stable. With these observations, it could be concluded that 
the stable, continuous and simultaneous production of hydrogen and methane (i.e. 
hythane) could be achieved using an R-TPAD with R=0.4. The biogas production 
performance is summarized in Table 4.3. 
4.3.2 Organic removals 
The removal efficiencies of the processes were calculated, and the results are summarized 
in Table 4.3. For the control TPAD process, its removal efficiencies were only calculated 
in RUN 3 for comparison purposes with the R-TPAD process. The total removals of the 
R-TPAD process during RUN 1~3 were similar on each item, except for proteins. The TS, 
VS and COD removals for ford waste were approxinately 80%, 85% and 85% on each 
run, respectively. The total removals for carbohydrates, proteins and lipids were 
approximately 95%, 60% and 87% over the experiment. The highest SS and VSS 
removals were achieved in the process during RUN 3, at 85.1 % and 88.4 %, respectively. 
In RUN 1, more than 80% of the total removals on all items (excluding proteins) were 
completed in R1: the supply of methanogens due to the recirculation from R2 made it 
possible for methanogenic communities to survive such a high OLR. The majority of the 
carbohydrates was degraded in R1. The notable exception was protein: over a half of the 
total protein removal occurred in R2, which is consistent with the observation of a higher 
methane content in R2. In RUN 2, when the recirculation was off, the contribution made 
by R1 to the total removals were all higher than those in RUN1. This is likely explained 




Table 4.3 Summary of organic removals and biogas productions in each run. As for organic removals, the numbers in the brackets are the 
percentage of contribution in the total process achieved within this stage.  
  R-TPAD TPAD 
  RUN1 RUN2 RUN3 RUN3 
 
unit R1 R2 total R1 R2 total R1 R2 total C1 C2 total 
Organic removals              
TS % (85) (15) 82.2 (90) (10) 81.6 (24) (76) 79.6 (8) (92) 75.4 
VS % (86) (14) 86.9 (90) (10) 86.5 (25) (75) 84.9 (8) (92) 80.4 
TSS % (88) (12) 82.5 (97) (3) 82.7 (45) (55) 85.1 (19) (81) 78.8 
VSS % (88) (12) 86.3 (96) (4) 86.0 (44) (56) 88.4 (20) (80) 81.9 
Total COD % (81) (19) 86.5 (88) (12) 87.7 (17) (83) 83.0 -(2) (102) 78.8 
Carbohydrates % (93) (7) 95.5 (98) (2) 96.3 (30) (70) 96.2 (9) (91) 93.7 
Proteins % (48) (52) 64.4 (71) (29) 68.6 (30) (70) 57.7 (11) (89) 43.8 
Lipids % (82) (18) 87.3 (95) (5) 86.4 -(1) (101) 86.5 (6) (94) 84.7 
Biogas production               
Gas production rate L/L/d 11.84 0.54 2.80 12.35 0.40 2.79 1.75 2.92 2.68 0.00 3.16 2.53 
CH4 % 60.9 68.5 62.1 60.9 68.6 61.8 0.0 62.3 54.1 0.0 59.6 59.6 
H2 % nd* nd nd nd nd nd 48.7 nd 6.3 nd nd nd 




In RUN 3, with the phase separation, the contribution of R2 to the total removal became 
higher than 55% for almost all items. Since lipid removal in R1 was a minus percentage 
in RUN 3, it can be assumed that the lipids, or long chain fatty acids, were produced in 
the acidogenic phase R1. As for the control TPAD process, organic removal efficiencies 
on all the items were lower than the R-TPAD process. In this control system, less than 
10% of the removal contribution was made by C1. About 20% of the total SS and VSS 
removals was achieved in C1, particles were solubilized in C1 despite the pH being so 
low, at under 4.0.  
4.3.3 COD balance 
A COD balance visualizes the electron fates from the organics in FW. The average COD 
concentration during each assessment period was used and normalized with its respective 
feeding FW as 100%. The results of the calculations are shown in Fig 4.4. 
 
Fig 4.4 COD mass balance through the total R-TPAD process in each run. 
 
Throughout the experiment, some 50% of the COD in FW was contributed by soluble 
components. It should be noted that this proportion was constant even when the FW was 
diluted. After going through R-TPAD, only about 10% of the feeding COD was left in the 













































and RUN 2, more than 80% of the methanogenesis was occurring in R1 due to the high 
capacity of thermophilic methanogens under high-rate conditions (Buhr and Andrews, 
1977). With the phase separation in RUN 3, the hydrogen produced in R1 consumed 2.5% 
of the FW COD. The methane was all generated in R2 of R-TPAD, consuming 87.1% of 
the FW, and accounting for the majority of the COD removal. As a comparison, 17.0 % 
of the feeding FW remained in the effluent as particle COD in the control process without 
recirculation.. The soluble COD in the effluent of C2 was 4.2% of the FW, and the results 
for the TPAD were similar. All the methane was generated in the second stage C2, and no 
hydrogen was produced during the steady state. 
 
4.4 Discussion 
4.4.1 The acidification of the first stage of R-TPAD in RUN 2 
Fig 4.5 shows the evolution of performance of R1. Fig 4.3 (c) was placed here in Fig 4.5 
(a) to reflect its relations with the changes of other parameters. Alkalinity titrated to pH 
=6.5 was chosen because 6.5 was considered the lower limit of pH for stable 
methanogenesis. The inactivation of aceticlastic methanogenesis could lead to a further 
pH decrease until such point as the hydrogenotrophic methanogens also became inhibited. 
In RUN 1, both the pH and alkalinity increased along with the accumulation of the total 
ammonia nitrogen (TAN), which was the byproduct of protein degradation. It is likely 
that the alkalinity was mainly derived from the production of ammonia and transformed 
to bicarbonate in the anaerobic environment. While propionate was the major VFA (0.89 
g-HPr/L) in this period, the total VFA (TVFA) was becoming stable around 1.0 g-HAceq/L. 
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Lactate concentrations increased from approximately 3 to 6 g-HLa/L.  
The data of the ammonia and two types of alkalinities in RUN1 were used to predict their 
ultimate concentrations. As showed in Fig 4.6, the p values suggested that the data in 
RUN1 could be obviously regressed to Eq. (7) and Eq. (8) and this regression model could 
effectively predict the trends of these variables. This simulation confirmed that with R=1, 
both R1 and R2 would maintain alkalic under the steady state. The sludge in R1 would 
contained ammonia of 2.252 g- N/L, the alkalinity6.5 of 4.804 g-CaCO3/L and the 
alkalinity4.8 of 8.786 g-CaCO3/L. The ammonia concentrations in R2 would become 
2.260 g-N/L, which was close to the ultimate value in R1. With these results, it was 
suggested that acidification and phase separation could not be achieved as long as R=1. 
 
Fig 4.5 Evolution of pH (a), alkalinity (b), ammonia (c), VFA (d), Total VFA (e) and 
lactate (f) in R1. 












































































































In other words, R1 would reach a steady state with stable condition for methane 
fermentation due to the increase in ammonia and alkalinity. 
In RUN 2, the pH and alkalinity in R1 decreased as a result of stopping recirculation. The 
explanation for the break in the trend at the 69th day was that an accident happened 
causing liters of the sludge to leak. After filling the lost volume with the sludge of R2, the 
decreasing trend continued. 
The continuous increase in ammonia in RUN 2 without recirculation suggests that protein 
degradation was still well-conducted in R1 during RUN 2. Ammonia inhibition 
represented by free ammonia (FA) is prone to occur in the thermophilic digestion of high-
solid waste (Niu et al., 2014). In this case, however, according to Fig 4.5 (c), because the 
 
 
Fig 4.6 Experimental and predicted concentrations of ammonia, alkalinity6.5 and 
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R2 =0.69, p = 0.007
R2 =0.89, p < 10-3
R2 =0.51, p = 0.035
R2 =0.87, p < 10-3









FA decreased along with the decrease in pH, clearly FA was not responsible for the 
methanogenic inhibition or the following acidification. In this period, propionate 
concentrations increased to around 2.5 g/L and TVFA and lactate increased to around 4.5 
g-HAceq/L and 6.5 g-HLa/L, respectively, until the sharp dropping of pH. It should be 
noted that all three maintained relatively constant levels before the drop in pH and 
alkalinity. Thus, the decrease in pH and alkalinity is considered the direct cause of the 
change in the levels rather than the acidification of R1 at the end of RUN 2. The stop in 
recirculation resulted in the acidification of the first stage and the process approaching 
phase separation. In the last few days of RUN 2, as the pH decreased to below 6.5, acetate 
and butyrate became the major VFAs, and propionate levels decreased along with the fall 
in pH. The TVFA increased accordingly to 10 g-HAceq/L and lactate increased to around 
10 g/L. 
4.4.2 The operation of adjusting R for pH maintenance in the first stage of R-TPAD 
As was mentioned, the control process was unable to produce hydrogen in C1 due to the 
fall in pH levels lower than 4.0. Restarting the recirculation was therefore necessary in 
order to maintain the pH in R1 in the following operation. The evolution of methane and 
hydrogen in R1 in the headspace, and the pH during the transitory period from RUN 2 to 
RUN 3 are shown in Fig 4.7. 
The pH decreased to 5.5 by the middle of the 79th day and remained stable for the 
following 24 hours: the production of hydrogen began at the end of the 79th day. The 
methane content decreased gradually along with pH until the 81st day. At this stage, the 
recirculation of effluent was conducted with a mediate R of 0.6. Within the 81st day, the 




Fig 4.7 Evolutions of pH and gas contents in the first stage about the transitory period 
from RUN 2 to RUN 3. 
 
content remained constant, implying that the recirculated methanogen was utilizing the 
hydrogen. After stopping the recirculation for another 24 hours, the pH and hydrogen 
production became stable with the R of 0.4, and this value was maintained thereafter. 
Based on the stable performance of R1 in RUN3, it was concluded that the shift from 
two-stage methane fermentation to the two-phase hythane fermentation was achieved 
successfully. It should be noted that the R might vary with FW compositions. The 
stabilities of hydrogen contents and pH were seen as the determining parameters for 
settling the value of R. 
4.4.3 Dark fermentation and hydrogen production in the acidogenic phases (C1 and 
R1) 
For R-TPAD process, supposing there were a stream that was well mixed from FW and 
the recirculated sludge before it was fed into R1, the fermentation profiles of R1 could be 
determined by the changes in from the hypothetical influent and the effluent. The changes 
of carbohydrates and fermentation products in RUN3 were listed in Table 4.4.  




































 (Acetate pathway) C6H12O6 + 2H2O →2CH3COOH + 4H2 + 2CO2  (4.9) 
 (Butyrate pathway) C6H12O6 → CH3(CH2)2COOH + 2H2 + 2CO2 (4.10) 
 (Mixed acid pathway) C6H12O6 + H2O →CH3COOH + CH3CH2OH + 2H2 + 2CO2 
  (4.11) 
 (Homolactic pathway) C6H12O6 → 2 CH3CH(OH)COOH (4.12) 
 (Propionate pathway) C6H12O6 + 2H2 → CH3CH2COOH + 2H2O (4.13) 
Valerate and caproate were regarded deriving from the chain elongations of propionate 
and butyrate (Ding et al., 2010): 
 (Chain elongation) CH3CH2COOH + CH3CH2OH → CH3(CH2)3COOH + H2O 
  (4.14) 
 (Chain elongation) CH3(CH2)2COOH + CH3CH2OH → CH3(CH2)4COOH + H2O 
  (4.15) 
Isobutyrate and isovalerate could be produced from degradation of amino acids or 
isomerization (Angelidaki and Ahring, 1995; Batstone et al., 2002). Hence, the overall 
reaction in a mixed culture of hydrogen fermentation could be regarded as a linear 
combination of those pathways. 
In C1, the main products were ethanol, lactate and acetate. Lactate (Lactic acid) was 
considered responsible for the low pH in C1. Moreover, lactate-producing bacteria were 
reported to inhibit the hydrogen producing bacteria (Noike et al., 2002; Stiles, 1996). In   
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Table 4.4 Fermentation results and theoretical hydrogen production in RUN3. 





Carbohydrates -24.94 -61.4 
Hydrogen 0* 147.67 
Acetate 2.32 52.93 
Propionate 0.23 2.52 
Isobutyrate 0.20 0.69 
Butyrate 0.18 6.23 
Isovalerate 0.06 6.64 
Valerate -0.07 0.80 
Caproate 0 1.89 
Lactate 13.63 -5.64 
Ethanol 23.33 16.79 
Theoretical hydrogen production 




* “0” denotes no difference between two undetected values. 
R1, the hydrogen yield was 49.9 L/kg-VSfed with the pH around 4.6, and the hydrogen 
yield efficiency in R1 was 2.405 mol-H2/mol-hexosereduced. According to previous studies, 
the thermophilic hydrogen fermentation at the pH range of 4.0~5.0 obtained the hydrogen 
yield efficiencies around 37~66 L/kg-VSfed (Luo et al., 2011; Zhang et al., 2003). The 
performance of C1 and R1 in RUN3 proved a low pH of about 4.6 was feasible for 
continuous hydrogen production but a pH lower than 4.0 was not. It has been reported 
that some bacteria could transfer lactate and acetate into butyrate and produce hydrogen 
(Duncan et al., 2004), and its equation could be assembled with the equations of those 
pathways. This may well explain the decrease of lactate in the condition without 
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methanogenesis. The B/A ratio under this condition was 0.20: this suggests that a great 
flow of carbohydrates through the acetate pathway increased the hydrogen production 
efficiency according to stoichiometry of Eq 4.9. Ethanol was the specific fermentation 
product from carbohydrates, it was estimated that 27.3% of the degraded carbohydrates 
in R1 were converted according to the mixed acid pathway. 
According to the molar ratios between hydrogen and fermentation products in Eq 4.9 ~ 
4.15, the theoretical hydrogen yield could be calculated as followed, 
 n(H2) = 2n(acetate) +2n(butyrate) +2n(caproate) - 2n(propionate) - 2n(valerate) 
  (4.16) 
where n is the molar amount of the increased fermentation products. It is clear that the 
production of lactate and ethanol are irrelevant to the theoretical hydrogen production. 
Thus, the theoretical hydrogen production could be calculated as showed in Table 4.4. 
Theoretically, a little hydrogen could be produced in C1, suggesting there might be other 
electron accepters except fermentation products of carbohydrates. Also, the gap between 
theoretical and the experimental values in R1 indicated that protein degradation might 
have also contributed to the hydrogen production (Nagase and Matsuo, 1982). Moreover, 
the calculated value in R1 without isomers was closer to experimental value, implying 
protein degradation was the major source of the isomers (Batstone et al., 2002). 
4.4.4 Novelties for the R-TPAD process obtained by adjusting R 
In this study, the R1 in R-TPAD was started with methanogenesis. Both thermophilic 
hydrolysis and methanogenesis were carried out in R1 during RUN1, which was also 
indicated by the signs that pH in R1 also reached the same level as those in R2. On the 
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other hand, in the process without recirculation, C1 was soon acidified by the acidity in 
the FW. In RUN 3, the activity of methanogens in R1 was eliminated. It has been reported 
that a pH lower than 5.0 was sufficient to inhibit methanogenic activity (Kim et al., 2004). 
By combining the alkalinity from the recirculated effluent and the acidity from the high 
concentrations of lactic acid in FW, continuous hydrogen fermentation was achieved in 
R1, upgrading the process in situ from biomethane fermentation into the biohythane 
fermentation, without extra reagent, treatment or other processing units. 
Recirculation is known to be effective in recycling alkalinity in the liquid and 
hydrolysis/hydrogen-producing bacteria in solids. However, especially for direct 
recirculation, recirculation also has been reported to bring in active hydrogenotrophic 
methanogens which lower the net hydrogen production (Kobayashi et al., 2012), and 
cause negative pressure in the headspace as a probable consequence. In this study, the R-
TPAD in RUN3 solved this dilemma between hydrogenotrophic methanogenesis and 
direct recirculation. Additionally, a lower R will lead to a lower volumetric loading rate 
for the methanogenic stage and also lower cost for pump running. Endowed with these 
improvements, adjusting R in R-TPAD process embodied the feasibility for practical 
plants. 
4.4.5 Process assessment 
The mass balance of R-TPAD and TPAD in RUN 3 is illustrated in Fig 4.8. The biogas 
volumes were converted to an equivalent mass under Normal Temperature and Pressure 
(NTP, 20 °C, 1 atm). Operated at an HRT of 30 days, the control TPAD process produced 
474 Nm3 of biomethane in the second stage from 1 ton-VS of the FW. With an R of 0.4 
under the same loading condition, the R-TPAD process produced a total of 843 Nm3/t-VS 
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of biogas. Assuming that the CO2, accounting for 39.5% of the total biogas, was removed, 
the hythane transformed by R-TPAD process was 511 Nm3/t-VS with a hydrogen content 
of 10.5%. 
Biogas is carbon-neutral per se. As the source of biogas, FW produces no more CO2 
emission since its carbon contents originate from the photosynthesis of CO2 from the 
natural carbon cycle (Evangelisti et al., 2014). The combustible contents in biogas, i.e. 
gaseous biofuel, can also save the CO2 emission occurring in the combustion of fossil-
derived fuels (Murphy and McKeogh, 2004). With the performance in RUN3, it was 
estimated that the biofuel production from both the TPAD and R-TPAD treatment of FW 
could save the carbon emission of 1.88 t-CO2/t-VSfed. The R-TPAD produced more on-
site CO2 as 0.61 t-CO2/t-VSfed than TPAD as 0.59 t-CO2/t-VSfed, which could be captured 
in the decarbonization process. Besides, compared to liquid products, the gaseous  
 
Fig 4.8 Mass balance of the TPAD and R-TPAD in RUN 3. 
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products from these anaerobic process saved the extracting units as well as the extra 
electricity to run those units. These advantages confirmed that developing biomethane 
and biohythane production were both beneficial to reducing the carbon emission. 
 
4.5 Conclusions 
Hythane is a gas mixture of hydrogen (10~25 %, v/v) and methane. Considered as future 
fuel, hythane has been reported to optimize combustion efficiency and reduce air-
polluting gas emissions. Biohythane production from food waste (FW) has been the 
subject of numerous reports of temperature-phased anaerobic digestion (TPAD) processes, 
especially the ones with a recirculation (R-TPAD). Still, many problems remained in the 
R-TPAD of FW such as decreasing hydrogen fermentation by methanogens, extra 
processing units and high recirculation ratios. In this study, we operated an R-TPAD 
process and shifted the two-stage methane fermentation into two-phase hythane 
fermentation, on which this is the first report, obtaining a novel process solving those 
mentioned problems. TPAD without recirculation were operated as control.  
The R-TPAD process was started up and operated with a recirculation ratio (R) of 1, and 
both stages produced methane. In order to acidify the first stage, recirculation was stopped 
until the production of hydrogen started. The R was ultimately adjusted to 0.4, and the 
process obtained stable hydrogen and methane production thereafter. The removal 
efficiencies of TS, VS and COD in the R-TPAD process were as high as 79.6%, 84.9% 
and 85.1%. In the R-TPAD process, the hydrogen production yield was 49.9 L/kg-VSfed 
with an efficiency of 2.405 mol-H2/mol-hexosereduced. The hythane production rate was 
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1.623 L-hythane/L-reactor/d, with a hydrogen content of 10.5%. 
This study showed that transforming the function of the R-TPAD process was feasible by 
adjusting R with observations on hydrogen contents and pH. A pH lower than 5.0 was 
suitable for continuous hydrogen production. The obtained R-TPAD process was a novel 
process with several improvements. The biofuel production was upgraded from 
biomethane fermentation into biohythane fermentation. Carbon emission could be further 
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Continuous biohythane production by 
the recirculated two-phase anaerobic co-digestion 
of food waste and paper waste 
 
5.1 Introduction 
The urgent exhaustion of fossil fuels calls for sustainable substitutions. Biofuels is a 
promising carbon-neutral option since its energy derived from photosynthesis of solar energy 
(Gaurav et al., 2017). Hence, anaerobic technology is attracting increasing attention on its 
gaseous biofuels, i.e. biogas. Anaerobic digestion is the cost-efficient technology with mild 
conditions that can convert the energy in the biomass to the methane- or hydrogen-containing 
biogas. In the present state of anaerobic technology, biohythane productions are more 
highlighted than ever (Liu et al., 2013). Hythane is the fuel gas mixture that consists of 10~25 
% (in volume) of hydrogen gas and the rest of methane (David Serrano et al., 2010; Mehra 
et al., 2017). It has higher combustion efficiency in the gas engine with less air-pollution and 
it has been regarded as the significant substitutional fuel before the society of hydrogen 
energy is realized (Sasaki et al., 2016; Zhang et al., 2017a). 
Biohythane production via anaerobic digestion requires the combination of dark fermentation 
(DF) and methanogenic production (MP) (Liu et al., 2013). DF refers to the hydrogen 
fermentation in the absence of light, where organic matters are hydrolyzed and fermented 
into intermediate products, such as organic acids, and hydrogen. Then MP could sufficiently 
convert the intermediate products of DF into methane gas. In the recent studies of continuous 
biohythane production, the application of recirculated two-phase anaerobic digestion (R-
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TPAD) are recommended (Chu et al., 2008). By coupling the recirculation feedback, R-
TPAD could adjust itself by recycling the microbes and alkalinity in the effluent and maintain 
the stable operation of DF and MP for biohydrogen and biomethane production. Previous 
studies proved its availability on treating biomass, e.g. food waste (FW), vegetable waste, 
potato waste, cassava residue, etc.(Cavinato et al., 2012; Chinellato et al., 2013; Kobayashi 
et al., 2012; Ohba et al., 2006; Zuo et al., 2014) 
In another aspect, the great production of organic fraction of municipal solid waste (OFMSW) 
asks for proper disposal. It was estimated that by 2025, the worldwide production of solid 
waste would be double the production of 2012, which was 1.2 billion tons (Hoornweg, Daniel 
and Bhada-Tata, Perinaz, 2012; Lim et al., 2016). The two major categories in OFMSW, FW 
and paper waste (PW), varied with the regions and countries (Hoornweg, Daniel and Bhada-
Tata, Perinaz, 2012). Indeed, these OFMSW could sufficiently satisfy the demand of biomass 
for biohythane production (Fernández-González et al., 2017). The biohythane fermentation 
from FW have been intensively reported on R-TPAD system, however, those on PW were 
relatively less focused on. PW includes toilet paper/tissue, office printing paper, newspaper, 
paper bag, cardboard etc. They are usually separately collected or mechanically sorted from 
the commingled OFMSW (Hamzawi et al., 1998). The sorted PW may have high moisture 
content from FW and become unfavorable for direct incineration so anaerobic biogasification 
revealed great potentials to recover the bioenergy in PW. 
In the previous literatures, PW or PW-containing OFMSW were anaerobically co-digested 
with sewage sludge, manures, etc., in the long-term operations (Griffin et al., 1998; Hartmann 
and Ahring, 2005; Schmit and Ellis, 2001; Stroot et al., 2001). Due to the high carbon-to-
nitrogen (C/N) ratios in PW, those conjugate biomass provided excess ammonia and 
alkalinity to buffer the pH in anaerobic digestion. It is considered that FW could be classified 
as the nitrogen-rich biomass for it contained considerable amount of proteins and the digested 
effluent contains 1~2 g/L of ammonia nitrogen (Chinellato et al., 2013; Chu et al., 2008; 
Fonoll et al., 2016; Kobayashi et al., 2012; Ueno et al., 2007) so co-digesting with FW could 
also increase the C/N ratio in the anaerobic digestion of PW. Besides, FW is generally acidic 
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with great concentrations of lactic acid (HLa) after some deterioration of carbohydrate 
components under aerobic conditions (Gram et al., 2002). Meanwhile, PW generally carries 
coating additives from papermaking industries (Monica, 2009). Hence, it is considered that 
FW and PW has complementary properties for each other because mixing PW and FW might 
be able to reduce the pH shock to the anaerobic reactors as well. Still, the scattered studies 
on OFMSW limited a systematic understanding on the effect of PW content on anaerobic 
digestion, let alone the influence on R-TPAD for biohythane production. There is concern 
that only sugar-rich biomass was recommendable for two-phase anaerobic digestion (Lindner 
et al., 2016). Thus, investigating the effect of PW contents on R-TPAD system is important 
for increasing biohythane production by broadening the C/N range of the treated organic 
wastes. 
In order to investigate the effect of PW content on the biohythane production from OFMSW, 
R-TPAD were applied to the long-term co-digestion of FW and PW. The OFMSW was 
artificially prepared with PW content of 0 %, 20 %, 40 % and 50 % and the rest of FW. The 
long-term performance of biohydrogen and biomethane production, organic removals, 
mechanisms in the R-TPAD and the total biohythane yield are discussed. 
 
5.2 Methods and apparatus 
5.2.1 Feedstock preparation 
The FW and PW were prepared artificially so that their respective compositions could 
remained relatively stable during the long-term operation. In this study, 0%, 20%, 40% and 
50% of PW was mixed with FW from RUN1 to RUN5. The FW was prepared according to 
the previous results of the local survey. The recipe of FW included 20% of staple foods, 14% 
of animal products (meat, fish and eggs), 30% of fruit waste and 36% of vegetable waste (Li 
et al., 2003). Those materials were smashed by high-speed blender (Eberbach, Waring 
E8000), adjusted into the FW slurry of TS content about 10% with tap water, and stored at 4 
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°C. The PW was prepared by mixing toilet paper, printed office paper and the N newspaper 
in the ratio of 1:1:1 (in air-dried weights). The latter two papers were produced from the 
office and shredded into 2×10 mm pieces before smashed with toilet paper. PW were also 
adjusted to form the PW slurry of TS content about 10%. Then the slurry of FW and PW 
were mixed thoroughly according to the expected value of PW content in OFMSW. Chloride 
salts of trace elements were added to make every 1 kg of OFMSW containing 10 mg of iron, 
1 mg of nickel and 1 mg of cobalt.  
5.2.2 Reactors and start-up 
The schematic diagram for the experimental apparatus were illustrated in Fig 5.1. The R-
TPAD system was made up of two CSTR reactors with their working volumes of 3 L and 12 
L. The smaller one served as the primary DF and the other served as the secondary MP. In 
this study, DF and MP also denote their respective reactors where their functions were 
performed. The liquids in the reactors were mixed mechanically by impellers at different 
depths. The temperature of inside the reactors were maintained by their water jackets as outer 
layers. The DF and MP were operated at thermophilic (55.0 ± 1°C) and mesophilic (37.5 
±1°C) conditions, respectively. Feeding OFMSW and drawing digested sludge were done 
 


































by roller pumps (Furue Science, RP-LV2). At the last days of feeding OFMSW, feeding and 
drawing were conducted manually since the clogging problem of 40 % of PW happened 
every day. The hydraulic retention time (HRT) for the whole system was controlled at 30 
days. The recirculation of the system was performed in the way that the effluent sludge from 
MP was injected directly into DF. No extra alkaline reagent has ever been used for the pH 
adjustment in the DF. The operating conditions are summarized in Table 5.1. 
Table 5.1 The operating and feeding conditions in this study. 
OFMSW  PW= 0% PW= 20% PW= 40% PW= 50% 
HRT combination days: days 6: 24 (regardless of recirculation) 
Recirculation ratio  - 0.4 
Temperature combination °C 55.0 & 37.5 
TS loading rate kg/m3/d 3.63 3.62 3.56 3.45 
VS loading rate kg/m3/d 3.41 3.37 3.26 3.16 
COD loading rate kg/m3/d 5.31 4.64 4.74 4.34 
 
The mesophilic MP was initially inoculated with anaerobic sludge from a full-scale 
mesophilic digester in the local wastewater treatment plant. While the DF was inoculated 
with the thermophilic sludge, which was domesticated from the same mesophilic sludge by 
shifting the incubation temperature. The system was started up by operating the system in 
the HRT of 100 days for two weeks followed by the HRT of 50 days for other two weeks. 
The recirculation of MP sludge was set as the equal volume with the feeding stream to start 
up. Since the two phases were separated with the recirculation ratio of 0.4, the volumetric 
flow of recirculated sludge was fixed in the following operation. 
5.2.3 Chemical analysis 
The volume of the generated biogas was measured by wet gas meters (Shinagawa, W-NK-
0.5B). The volumetric composition (N2, CH4 and CO2) of the biogas was detected by gas 
chromatograph equipped with thermal conductivity detector (GC-TCD, Shimadzu, GC-8A). 
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It was installed with a 2-meter stainless steel column packed with Porapak Q. The carrier gas 
was argon gas. The oven was maintained at 70 °C and both the injector and the detector were 
maintained at 100 °C. Hydrogen content of the biogas was detected by another set of GC-
TCD (Shimadzu, GC-8A). The column packed with molecular sieve 5A (60/80, Ø 3 mm). 
The temperatures of the injector, column and detector were 100 °C, 70 °C and 100 °C, 
respectively. 
Sampling of the sludge was conducted twice for chemical analysis. Total solids (TS), volatile 
solids (VS) and chemical oxygen demand (COD) were analyzed according to standard 
methods (APHA et al., 1995). The fixed solids (FS) content was calculated as the difference 
from TS to VS. The sludge samples were centrifuged at 8000 rpm for 15 minutes to separate 
the suspended solids (SS) and the supernatant. The pH was detected by pH meter (DKK-
TOA, HM-30R) in the open air. Carbohydrates, proteins and lipids were determined 
according to the respective widely-adopted methods (Bligh and Dyer, 1959; DuBois et al., 
1956; LOWRY, 1951). Two points of alkalinities were determined by titrating the 
supernatant to the terminal pH at 6.5 and 4.8. The filtered (Millipore, PES 0.45 μm) 
supernatants was use to analyze the ammonia and fermentation products. Ammonia nitrogen 
was determined with colorimetric indophenol method (Bolleter et al., 1961). Among the 
fermentation products, volatile fatty acids (VFA), involving acetic acid (HAc), propionic acid 
(HPr), n- and iso-butyric acid (n-/iso-HBu), n- and iso-valeric acid (n-/iso-HVa) and n-
caproic acid (n-HCa), and ethanol were detected by gas chromatography equipped with a 
flame ionization detector (GC-FID, Agilent, 6980N). The DB-WAXetr column was use for 
separation. Lactic acid (HLa) was detected by capillary electrophoresis (Agilent, 7100CE) 
with the standard solutions of D/L-HLa. The element of carbon, hydrogen, oxygen and 
nitrogen were determined by Elementar. The lignin content was analyzed according to van 






5.2.4.1 Removal efficiency 
For the system with a recirculation, the DF received both the feeding feedstock and the 
recirculated sludge, which complicated their assessment. In this case, discussing the removal 
efficiencies was instructive only when the evaluating boundary was the total process. So the 
removal efficiency was calculated as the removed fraction of the feedstock on any specific 
item. 
 %100/)( 020  ccc  (5.1) 
where   is the removal efficiency on a certain item (TS, VS, COD, carbohydrates, proteins 
and lipids); 0c  and  2c   are the concentration of the item in the feedstock and the effluent of 
MP, respectively. 
5.2.4.2 Reaction rates 
Methane fermentation consists of four steps: hydrolysis, acidogenesis, acetogenesis and 
methanogenesis. In order to compare the reaction rates of these steps from different periods, 
the average conversion efficiencies were calculated as follows. Firstly, the organic loading 
rates and the reaction rates were calculated for each stage.  
 iii cr /influent,total,load,   (5.2) 
 iiiiii rrccr ,CH,Hinfluent,soluble,fluent,soluble,e,hydrolysis 42/][    (5.3) 
 iiiiii rrccr ,CH,Hinfluent,VFA,nt,VFA,efflueis,acidogenes 42/][    (5.4) 
 iiiiii rrccr ,CH,Hinfluent,HAc,effluent,HAc,is,acetogenes 42/][    (5.5) 
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 ii rr ,CHesis,methanogen 4  (5.6) 
where i is 1 or 2 denoting the 1st  or the 2nd stage; irload,  is the organic loading rate in the i
th 
stage;  ir ,hydrolysis , ir is,acidogenes , ir is,acetogenes  and ir esis,methanogen  are the reaction rates of hydrolysis, 
acidogenesis, acetogenesis and methanogenesis in the ith stage, respectively; i  is the HRT of 
the ith stage, ])1/[( QRVii  ; iV  is the working volume of the i
th stage; Q  is the flow rate 
of the feeding and drawing stream, 0.5 L/d; R  is the recirculation ratio, which was 0.4 in this 
study; iYXc ,,  (X= total, soluble, VFA or HAc; Y= influent or effluent.) is the COD 
concentration of X in the Y of the ith stage; ir ,H 2   and ir ,CH4  are the volumetric production rates 
of hydrogen and methane, respectively, in the ith stage. 
Then their respective conversion efficiencies are the ratios of the reaction rates to the organic 
loading rates. 
 iiWiW rr load,,, /  (5.7) 
where iW , is the conversion efficiency of the reaction W (W= hydrolysis, acidogenesis, 
acetogenesis or methanogenesis) in the ith stage. 
5.2.4.3 Fermentation rate 
The fermentation rate in DF was calculated to endow the difference in concentrations 
between effluent and influent (including the feedstock and the recirculated MP sludge) with 
practical meanings. The calculation was performed using a reversed form of Eq (8). 
 %100/)]()1[( 1201ferm  RcccRr  (5.8) 
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where fermr  is the fermentation rate; 0c , 1c  and 2c  are the concentration of a specific item, 
which refer to fermentation products (VFA, ethanol and HLa) in the feedstock, in the DF 
sludge and in the MP sludge, respectively. 
5.2.4.4 Biohythane augmentation by adding PW to FW 
The increments led by adding PW into FW was calculated on the basis of the hythane 
volumes and its higher heating values (HHV). The HHV of hydrogen and methane were 
respectively calculated and summed up as the HHV of the produced hythane in this study 
(Weast et al., 1988). To note with, in the discussion on the augmentation, the item of 
PWadded/FWfixed will be used as horizontal axis. This item refers to the additional amount of 
PW to a fixed amount of FW, which could be calculated from PW content. 
 PWadded/FWfixed = PW/ (100- PW) ×100% (5.9) 
where PW denotes the PW content in percentage. 
 
5.3 Results and discussion 
5.3.1 Characteristics of the feedstock 
The characteristics of OFMSW with different content of PW are listed in Table 5.2. The 
feedstock of 100% of FW contained 15.4 g/L of HLa, with the pH as low as about 4.0. The 
C/N ratio in the FW was close to other researches (Algapani et al., 2017; Han and Shin, 2004). 
By increasing the PW content in the OFMSW, the pH in the mixture was elevated with a 
significant tendency of 0.0222 (pH)/%-PWincreased (R
2 = 0.914, p = 0.029). The FS content, 
representing the inorganic composition, were also increased with the PW content. The 
increase in both pH and FS content could be attributed to the alkalic materials in the PW, 
such as CaCO3 and MgCO3, which were widely used for coating newsprint paper and office 
printing paper (Monica, 2009). The proteins and lipids, which were most found in FW, 
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decrease accordingly with the PW content in the OFMSW. The C/N ratio of the OFMSW 
showed an increasing trend from 15.1 to 18.4, 22.4 and 25.7, respectively. Lignin, whose 
anaerobic depolymerization has been recognized to be impossible (De la Cruz et al., 2014), 
decreased with the PW content. It is considered that the major origin of lignin were the plant 
tissue in FW, such as banana peel and apple stem, and newsprint paper in PW. Previous 
studies have revealed that among the three components of the PW used in this study, 
newsprint paper made the dominant contribution to the total lignin content of PW (Clarkson 
and Xiao, 2000; Zheng et al., 2013). When rejecting lignin from the feedstock is necessary 
for discussion, the C/N ratios would be calibrated as 12.9, 15.6, 19.5 and 23.4, respectively, 
with the empirical formula of lignin as C81H92O28 (Pubchem, n.d.). 
5.3.2 Long-term performance of R-TPAD 
The evolution of gas production rate (GPR), biogas content and pH in DF and MP were 
shown in Fig 5.2 and Fig 5.3, respectively. The start-up of the R-TPAD system with hythane 
production was completed in the RUN1, when the feeding OFMSW was 100% of FW. The 
DF reactor performed methane production in the beginning, which indicates no hydrogen 
could be released due to dominance of hydrogenotrophic methanogens. Afterwards, the R 
was adjusted to 0.4 and the stable hydrogen production was achieved after around 85th day. 
The hydrogen content in the biogas of DF were about 48.7% and pH in DF was about 4.59.  
From the evolutions of MP during RUN1, the GPR increased to around 3 L/L/d compared to 
the 0.5 L/L/d in the initial period. The reason is considered that all the methanogenesis was 
shouldered by MP after the methanogenesis in DF was eliminated. In the end of RUN1, the 
methane content in MP was 62.3%and the pH was about 7.81. 
After adding the PW content in the feeding OFMSW, the performance of DF and MP showed 
different trends in the following operation. The GPR in DF fluctuated apparently throughout 
the experiment presumably because the relatively high feeding rate on DF, that is 0.5 L/d of 
feedstock and 0.2 L/d of the sludge from MP to the working volume of 3 L, rendered the 





Table 5.2 Characteristics of OFMSW with different contents of PW. 
Item Unit 
PW/OFMSW (%) 
0 20 40 50 
TS % 10.9 10.9 10.7 10.4 
VS % 10.2 10.1 9.8 9.5 
VS/TS % 94.1 93.2 91.6 91.4 
FS % 0.61 0.75 0.89 0.89 
Total COD g/L 159.4 139.1 142.2 130.3 
Total carbohydrates g/L 57.5 75.3 73.7 70.1 
Total Protein g/L 22.4 18.7 17.0 11.0 
Lipid g/L 1.3 0.9 0.8 0.5 
Supernatant COD g/L 78.7 66.6 48.8 39.8 
pH - 4.19 4.67 4.85 5.19 
Ammonia g-N/L 0.05 0.04 0.06 0.06 
HAc mg/L 917 1026 1505 934 
HPr mg/L 100 78 145 62 
i-HBu mg/L 72 86 190 98 
HBu mg/L 14 106 107 79 
i-HVa mg/L 24 88 69 4 
HVa mg/L 12 58 48 1 
HCa mg/L 0 44 19 33 
HLa mg/L 13051 10820 16835 12274 
EtOH mg/L 5627 3434 3321 1855 
C %TS 48.62 46.87 45.12 44.24 
H %TS 6.64 6.34 41.44 2.59 
O %TS 39.31 41.44 43.57 44.64 
N %TS 3.20 2.59 1.98 1.68 









Fig 5.2 Time course of (a) GPR, (b) hydrogen content in biogas and (c) pH in DF and their 











































































Fig 5.3 Time course of (a) GPR, (b) methane content in biogas and (c) pH in MP and their 
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of at least about 1.7 L/L/d. The hydrogen content were increasing from 48.7% to 49.5%, 50.8% 
and 52.4% with a slight trend of 0.0712 %-H2/%-PWincreased (R
2 = 0.89, p = 0.037). The pH 
in DF was increasing from 4.59 to 4.84, 5.20 and 5.31 with a significant trend of 0.0148 
(pH)/%-PWincreased (R
2 = 0.99, p = 0.004). 
As for MP, less variations was observed on the evolution of GPR, methane content in biogas 
and pH. The GPR in MP decreased from 2.92 to 2.61, 2.24 and 2.31 L/L/d as well as the 
methane content in biogas decrease from 62.3% to 60.3%, 60.3% and 56.1%. The pH in MP 
also presented a decreasing trend from 7.81 to 7.67, 7.46 and7.28. The decreasing trend of 
MP performance could be summarized as -0.0104 L/L/d/%-PWincreased (R
2 = 0.95, p = 0.016) 
in GPR, -0.0134 %-CH4/%-PWincreased (R
2 = 0.89, p = 0.040) and -0.0998 (pH)/%-PWincreased 
(R2 = 0.89, p = 0.139). The total ammonia concentrations in MP were decreased from 2.19 
to 1.86, 0.98 and 0.58 g-N/L. Still, the pH in MP was higher than 7.0 and no VFA 
accumulation was observed. It is concluded that the R-2PAD was feasible to treat the 
OFMSW with a PW content less than 50% and to produce hythane. 
Between RUN3 and RUN4, there was a period when the process was fed with the OFMSW 
containing 60% of PW from 275th to 293rd day, during which serious clogging occurred in 
pumps and feeding syringes. After considering the fact that the practical ratios of 
PW/(FW+PW) were no more than 50 % (Hoornweg, Daniel and Bhada-Tata, Perinaz, 2012), 
the PW content were changed to 50% for RUN4. 
5.3.3 Organic removals and COD balance  
The changes in organic removal efficiencies by different PW content were summarized in 
Fig 5.4. When the OFMSW consisted of 100% FW, the R-TPAD process achieved the TS, 
VS and COD removal efficiencies of 79.6%, 84.9% and 83.0%, respectively. After adding 
PW to 50%, the removals efficiencies on those items decreased slightly to 72.3% 78.4% and 
76.8%, respectively. The organics in OFMSW could be coarsely categorized into 




Fig 5.4 Removal efficiencies on the items of (a) TS, (b) VS, (c) COD, (d) carbohydrates, (e) 
proteins and (f) lipids. 
 
cellulosic materials in OFMSW. The removals of carbohydrates were the highest among the 
three components, followed by those of lipid and proteins. The decrease in removals also 
occurred on these items but the ranges differed. The removals of carbohydrates dropped the 
least, achieving as high as about 90% when PW content reached to 50%. High removal 
efficiencies under high PW content suggested that the majority of PW could be degraded by 
R-TPAD process. Protein removals dropped the most, from 57.7% to 25.4%. Lipid removals 
decreased from 86.5% to 71.1% when PW content increased from 0% to 40%, but it bounced 
to 79.6% for the OFMSW with 50% of PW.  
The COD balance can evaluate the distribution of the electron flow through the anaerobic 
process. Based on the steady state under each condition, the COD balance were calculated 
and illustrated in Fig 5.5. The H2 and CH4 production were converted to their COD per 





































































































































Fig 5.5 COD balance during the steady state under each feeding condition. 
 
sludge. CO2 was not reflected in the COD balance because its contribution to COD was 0. 
The average COD concentration in the feeding feedstock were used as 100% for each 
condition. Since the recirculation from MP back to HF made the evaluation more complicated, 
the evaluating boundary was the whole process regardless of the contribution by each reactor. 
In the feeding OFMSW, the portions of particulate COD in the OFMSW increased with the 
PW content. In the effluent of R-TPAD, the share of particulate COD decreased to less than 
20% of the feeding OFMSW, which indicates adding the increasing PW had little influence 
on the hydrolysis. Also, few portions of soluble COD was found in the liquid fraction of the 
effluent, which was consistent with the results in effluent quality. As for the biogases, CH4 
occupied the more than 65% of the COD in OFMSW while H2 was less than 5%, which was 
due to the difference between the coefficients of 2.86 g-COD/L-CH4 and 0.71 g-COD/L-H2. 
5.3.4 Mechanisms of phase separation in the R-TPAD of OFMSW 






























































acidogenesis, acetogenesis and methanogenesis. Hydrolysis is the step where the bio-
polymers were hydrolyzed into soluble monomers, such as monosaccharides and amino acids, 
by hydrolases excreted from bacteria. In acidogenesis step, those monomers were fermented 
into VFA. In acetogenesis step, all the VFA are to be further oxidized into acetate and 
hydrogen, which could be directly utilized by methanogens. In methanogenesis step, acetate 
and hydrogen are converted into methane by methanogenic archaea. As shown in Fig 5.6, 
the average reaction rates of four steps that occurred within each stage were illustrated with 
the scale of reaction step and the PW content. Additionally, hydrogen production rate were 
shown in Fig 5.6 (c) because it was considered as one significant fraction of acetogenesis. 
Hydrolysis was the major reaction in DF. Sharp gradients were decreasing to zero with the 
forwards direction of anaerobic digestion, suggesting the conditions in DF was not favorable 
for methane production. Especially, no methanogenesis took place in DF, indicating that the 
activity of methanogens were inhibited in the DF, so that VFA were accumulated to lower 
the pH and then inhibited the hydrogenotrophic methanogens from consuming hydrogen. In 
MP, whereas, the rank of reaction activities was hydrolysis < acidogenesis < acetogenesis < 
methanogenesis. The last three were closed to one another, suggesting the microbes 
dedicating to acidogenesis, acetogenesis and methanogenesis worked better in their 
syntrophic conditions. By comparing the totally reversed rankings of the average reaction 
rates in the two stages, it could be seen that the acidogenic phase and methanogenic phase 
were separated. 
Still, corresponding to the changes of feeding PW content, the average reaction rates had 
different trends. With PW content increasing from 0% to 50%, the hydrolysis in DF 
decreased from 6.7 g-COD/L/d to 2.8 g-COD/L/d while the acidogenesis increased from 2.1 
g-COD/L/d to 3.2 g-COD/L/d. The acetogenesis varied at 1.0~1.8 g-COD/L/d. 
Methanogenesis remained at 0% all over the operation, which indicates that the products of 
acetogenesis, hydrogen and acetate, were not consumed in DF. Thus, according to Eq 5.5 the 
acetogenesis rates in DF were the sum of hydrogen production rates and acetate production 
rates. It could be calculated that the portions of hydrogen in acetogenesis products grew from  
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43% to 50%, 60% and 75% with the increased PW content, respectively. While in MP, 
hydrolysis rate increased from 0.6 g-COD/L/d to 2.0 g-COD/L/d with the increased feeding 
PW content, which was considered to be resulted from the decreasing hydrolysis rates in DF. 
Decreasing trends were shown in acidogenesis, acetogenesis and methanogenesis with the 
increasing PW content. 
 
 
Fig 5.6 The average reaction rates of the four steps in anaerobic digestion under each feeding 
condition: the trends in DF (a) and MP (b) to the axis of the four steps and the trends in DF 
(c) and MP (d) to the axis of feeding condition. The colors of the marks denote the feeding 
































































































































































5.3.5 Hydrogen fermentation under DF condition 
The fermentation of glucose in the typical conditions of dark fermentation include following 
reactions (Antonopoulou et al., 2008). 
 Glucose + 2H2O →2 HAc + 4H2 + 2CO2  (5.10) 
 Glucose → n-HBu + 2H2 + 2CO2 (5.11) 
 Glucose + H2O → 2HAc + ethanol + 2H2 + 2CO2 (5.12) 
 Glucose → 2 HLa (5.13) 
 Glucose + 2H2 → 2 HPr + 2H2O (5.14) 
And n-HCa could be regarded produced from n-HBu and ethanol (Ding et al., 2010): 
 n-HBu + ethanol → n-HCa + H2O (5.15) 
Eq 5.9, 5.10 and 5.14 exhibit that HAc, n-HBu and n-HCa are the typical by-products of 
hydrogen production. Ethanol and HLa production are not related to hydrogen production 
according to Eq 5.11 and 5.12 and HPr is produced by consuming the hydrogen according 
to Eq 5.13. Since the feedstock OFMSW consisted of complex components such as proteins 
and lipids, it is hardly possible to estimate the accurate distribution of pathways and hydrogen 
production efficiencies from the fermentation products in DF. Still, the behaviors of 
fermentation products were sufficient to explicate the shifts in pathway. 
The evolution of the concentrations fermentation products, including VFA, ethanol and HLa, 
in the effluent of DF were shown in Fig 5.7. The concentrations of these organics fluctuated 
as well as other long-term performance of DF as was described in Section 5.3.2 but the major 
ranking of the fermentation products remained relatively stable within each feeding condition. 
HLa concentrations were more than 10 g/L in the beginning, which might be due to the high 
concentrations in OFMSW, but then decreased with the increasing PW content. HAc and 
ethanol concentrations decreased while oppositely, n-HBu and n-HCa concentrations 
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increased with the PW content. The B/A ratios based on the effluent concentration of DF 
were 0.10, 0.27, 0.84 and 1.58, respectively. Comparatively, other VFA, i.e. HPr, iso-HBu, 
n- and iso-HVa were rarely detected in the effluent of DF, implying that the effect of lowering 
the hydrogen production by HPr production was weak in DF. 
As shown in Fig 5.8, the fermentation rates rferm were also calculated. Since the hydraulic 
condition of the process was the same, the values of fermentation rates majorly reflect the 
changes of the fermentation products. The trends of fermentation rates of VFA and ethanol 
were almost in accordance with the effluent concentrations described before, which 
confirmed that these fermentation products were produced in DF rather than brought in along 
with influent. It could be seen that the most notable shift in the dominant fermentation 
products was from HAc to n-HBu and n-HCa. The molar ratio of n-HBu to HAc, i.e. B/A 
ratio, was considered a proportional indicator for hydrogen yields per mole of hexose (D.-H. 
Kim et al., 2006; S.-H. Kim et al., 2006). In this study, the produced B/A ratios increased 
from 0.12 to 0.31, 1.38 and 2.35, suggesting the hydrogen yields per mole of hexose might 
also increase with the PW content. The fermentation rates of HLa were negative values, 
indicating that the HLa was consumed in DF. A lactate-utilizing butyrate-producing pathway 
was reported as followed (Duncan et al., 2004), which could be linearly combined from Eq  
 
Fig 5.7 Time course of the concentrations of fermentation products in the effluent of DF (a) 
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Fig 5.8 Fermentation rate of each fermentation product during the steady state of each feeding 
condition. 
 
5.9, 5.10 and 5.12. It is considered that this pathway was responsible for the consumption of 
HLa and increasing B/A ratios when the feeding PW content reached 40% and 50%. 
 4 HLa + 2 HAc → 3 n-HBu + 2H2 + 4CO2 (5.16) 
 
5.3.6 Biohythane production 
Hythane could be harvested from this R-TPAD process by mixing the hydrogen produced in 
DF and the methane produced in MP. The hythane production and its hydrogen content was 
showed in Fig 5.9. The hythane yields on the basis of feeding VS decreased from 476 to 385 














































































content was 50%. As for the quality of the produced biohythane, seen from the H2 content in 
the produced hythane, it showed an increasing trend from 10.5% to 19.3%.  
In practical cases, FW is the general subject of anaerobic digestion plants treating MSW 
while PW is an optional. In order to discuss the augmentation of biohythane production by 
adding PW into FW, the increments on the volumetric production and energy recovery were 
calculated based on the results of 100% of FW, which were 476 L/kg-VSFW and 17.6 MJ/kg-
VSFW. As a consequence (Fig 5.9c and 5.9d), the hythane production on the volume and 
HHV increased linearly with the added amount of PW. When the adding ratio reached 100%, 
the hythane production increased by 71% and its HHV increased by 60%. It is concluded  
 
Fig 5.9 Hythane yield (a) and the H2 contents in the hythane (b) during each feeding 













































































































that in the co-digestion of FW and PW, the more PW mixed into FW, the more biohythane 
and bioenergy could be recovered. 
Table 5.3 lists the previous studies on continuous biohythane production from two-phase 
anaerobic digestion of FW. Several studies applied automatic pH controller to maintain the 
pH in DF. Where pH controller was not applied, the recirculation of effluent sludge was 
applied, most of which required extra treatment to the effluent. Other studies chose to co-
digest FW with sewage sludge, the nitrogen-rich biomass to avoid pH-controlling chemicals. 
In this study, FW was co-digested with PW using the R-TPAD system without treatment on 
the effluent. The biohythane quality lay within the ideal ranges for the combustion in the gas 
engine (Zhang et al., 2017b). The results of this study implies that the complete separation 
of paper products from FW was unnecessary. It also demonstrates the great potential of 





Table 5.3 Comparison with previous studies on continuous biohythane production by two-phase anaerobic digestion 










H2 (%) in 
biohythane 
R Reference 
household solid waste CSTR/CSTR 37/37 4.8~5.2 43 7.5 500 7.9 - (Liu et al., 2006) 
FW CSTR/ABR 55/35 5.5* 205 7.5 464 30.6 2 precipitated (Chu et al., 2008) 
FW CSTR/CSTR 55/55 5.5 114 7.7 451 20.2 1nitrified (Lee et al., 2010) 
biowaste CSTR/CSTR 55/55 4.3~5.4 2.7~51 7.6~8.3 580~630 0.4~7.7 1.0 liquid (Cavinato et al., 2011) 
FW + sewage sludge CSTR/CSTR 37/37 5.5* 44 6.5* 327.4 11.7 - (Siddiqui et al., 2011) 
FW CSTR/ABR 55/55 5.5* 6~147 - 383~470 1.5~27.8 0~2.9 heat (Kobayashi et al., 2012) 
FW CSTR/CSTR 55/55 5.7 67 8.4 490 12.0 1.0 liquid (Cavinato et al., 2012) 
FW CSTR/CSTR 52/52 4.6~5.8 0~117 5.7~7.8 77~484 0~27.3 1.6~4.3 liquid (Chinellato et al., 2013) 
FW CSTR/CSTR 55/55 5.2 48 8.1 400 10.8 0~0.5 liquid (Micolucci et al., 2014) 
FW + sewage sludge CSTR/CSTR 55/55 5.1 40 8.2 320 11.1 - (Gottardo et al., 2015) 
FW CSTR/CSTR 55/35 5.36 41 7.59 521 7.3 1 (Wu et al., 2015) 
FW CSTR/PBR 55/37 5.0~5.3 115 7.2~7.8 334 25.6 0.6~1.0 liquid (Yeshanew et al., 2016) 
OFMSW+WAS CSTR/CSTR 55/55 4.75 29 7.97 287 9.2 - (Zahedi et al., 2016) 
FW + brown water CSTR/CSTR 37/37 5.0~5.5* 100 7.0~7.5* 676~728 12.1~12.9 - (Paudel et al., 2017) 
FW CSTR/CSTR 55/35 5.5* 104.5 7.8~8.0 456~526 16.6~18.6 - (Algapani et al., 2017) 
FW + PW CSTR/CSTR 55/37.5 4.6~5.3 50~86 7.3~7.8 329~426 10.5~19.3 0.4 this study 
 
Note: WAS is short for waste activated sludge. ABR denotes anaerobic baffled reactor. PBR denotes packed bed reactor. The asterisk means the 





In order to recover the bioenergy in food waste (FW) and paper waste (PW) in the form of 
hythane, co-digestion of FW and PW was performed on the recirculated two-phase anaerobic 
digestion (R-TPAD) process. The R-TPAD was comprised of a 3-liter dark fermentation 
reactor followed by a 12-liter methanogenic reactor and a recirculation loop with 40% (in 
volume) of effluent. The feeding mixtures consisting of 0%, 20%, 40% and 50% (on total 
solids) of PW and the rest of FW were put into R-TPAD. As a result, stable performance of 
biogas production was observed in the long-term operation. The process achieved the organic 
removals more than 78% of the volatile solids and 89% of total carbohydrates. Hythane was 
harvested from the R-TPAD with the hydrogen content of 10~20%. The PW content elevated 
the butyrate-to-acetate ratios in the dark fermentation for hydrogen production. Adding PW 
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6.1 Co-digestion of food waste and paper waste with high-solid two-phase 
anaerobic digestion system: effect of mixing ratio 
In this study, we applied the 2PAD process with an HRT of 30 days to digest the artificial 
OFMSW with different contents of PW. 
 Operating the 2PAD process treating OFMSW with no more than 40% of paper waste 
resulted in stable long-term performance. The OFMSW containing 50% of PW was 
prone to a decrease in the pH in the methanogenic phase due to insufficient nitrogen 
sources. 
 Because homolactic fermentation was the major pathway in the acidogenic phase 
throughout the operation, almost no biogas production was observed. 
 When the paper waste content was 0~40%, the removal efficiencies in the TS, VS 
and COD were approximately 75%, 80% and 77%, respectively. When the paper 
waste content reached 50%, a sharp drop of 8% in those removal efficiencies was 
observed. 
 The ultimate ammonia and alkalinities under the steady state were obtained from the 
parameters in the simulation of data from the transient state. Ammonia made the 
largest contribution to the detected alkalinity in this research. 
 It is considered that higher C/N ratio resulted in higher microbial yields, which 
aggravated the deficiency of ammonia for alkalinity. 
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 Based on this study, it is concluded that the highest limit for the mix ratio of paper 
waste and food waste was 40%, with a true C/N ratio of 19.8 and an apparent C/N 
ratio of 22.4 when the lignin content was 10 % (TS). 
 
6.2 Upgrading of biofuel from biomethane into biohythane by adjusting 
recirculation ratio in the temperature-phased anaerobic digestion of food 
waste 
The novel process was started from two-stage biomethane production, achieving the 
upgradation into biohythane production by adjusting the recirculation ratio. 
 No pretreatment was performed for inoculation and no pH-controlling reagent or 
extra treatment was performed for the operation. 
 The results indicated that different recirculation ratios (R) lead to the different 
functions of the TPAD process: when R=0, it would function as one-stage methane 
fermentation because the first stage was over-acidified; when R=1, it would function 
as two-stage methane fermentation because the pH in both stages tended to 
methanogenesis; when R=0.4, it became the novel process achieving two-phase 
hythane fermentation, which overcame several existing problems in the previous 
processes. 
 The novel process accomplished a reduction in VS as high as 84.9%. 
 The pH in the hydrogen fermentation stage was controlled by combining the acidity 
from the spoiled FW and the alkalinity from the effluent. Direct recirculation was 
conducted without extra processing units for methanogens deactivation but a pH 
around 4.6 in the hydrogen fermentation stage. Hydrogen production was stabilized 
with a yield of 49.9 mL-H2/g-VSfed. The biohythane yield was 476 mL-hythane/g-
VSfed with 10.5 % (v/v) as hydrogen. 
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 A lower recirculation ratio for the process could save the electricity for running 
pumps and the carbon-neutral property of the biofuels could reduce the CO2 emission 
by replacing fossil fuels. 
 
6.3 Continuous biohythane production by the recirculated two-phase 
anaerobic co-digestion of food waste and paper waste 
In this study, the R-TPAD process were operated for continuous biohythane production from 
the OFMSW with 0%, 20%, 40% and 50% of PW content with following conclusions. 
 This experiment proved that R-TPAD could successfully digest OFMSW with the 
PW content less than 50% for continuous biohythane production. 
 The R-TPAD process achieved the VS removals around 80% and the carbohydrate 
removals around 90%, indicating the cellulose in PW were greatly degraded.  
 In the dark fermentation for hydrogen production, the B/A ratio increased with 
feeding PW content.  
 With increasing PW content, the hydrogen content in the hythane was elevated from 
10.5% to 19.3%. 
 For a fixed amount of FW, both the volumetric yields and HHV of biohythane 
increased linearly with the increased PW addition. 
 The feasibility was proved of using R-TPAD system for biohythane production from 
the OFMSW with the apparent C/N ratio from 15.1 to 25.7. 
 
6.4 General summary  
The whole dissertation is focused on the converting the OFMSW into fuel biogas, such as 
hydrogen, methane, and their mixture hythane. In chapter 3 and 5, the key parameter was the 
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mixing ratio of FW and PW, where the key problem was increasing the PW content was 
increasing the possibility of pH decrease and methanogenic failure due to the lack of nitrogen, 
ammonia and alkalinity. 
In chapter 4, the key parameter was R. By frequent observation as Fig 6.1, an appropriate R 
was obtained as transforming the functions of the R-TPAD into hythane production. For the 
R-TPAD system with the history of thermophilic methanogenesis, the key problem was to 
prevent its revival in the thermophilic hydrogen fermentation. Since it has been reported that 
thermophiles could also survive the mesophilic conditions, the possibility was high that the 
thermophilic hydrogenotrophic methanogens existed in the second stage. It is considered that 
the thermophilic methanogens was inhibited by controlling the pH lower than 5.0. In chapter 
5, the parameter R was remained unchanged since the hydrogen fermentation worked stable 
in the long-term operation. Still, further studies are required on investigating the interacting 
effects between PW contents and R in the biohythane fermentation by R-TPAD.  
 












4.5 ≤ pH ≤ 5.5
no sufficient alkalinity 
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The studies in this dissertation has unprecedented positioning. Chapter 3 applied bivariate 
linear regression to simulate the trend of ammonia/alkalinity and pointed out high C/N ratio 
caused high microbial yields in TPAD. Chapter 4 proposing a logical flow to find the feasible 
R to transform the functions of R-TPAD, from methane production to hythane production 
and obtained a novel system with direct recirculation with a low recirculation ratio. Chapter 
5 harvested the continuous biohythane production from co-digestion of FW and PW by the 
novel system without external alkaline. 
  
6.5 Perspectives  
Despite the intensive studies dealing with the two-phase biohythane fermentation process, 
many unknown questions arose that require further investigation. 
In the studies in this dissertation, it was found that even though the ammonia concentration 
went below less than 500 mg-N/L, the methanogenesis remained stable due to the sufficient 
inorganic alkalinity, which might be brought in by both FW and PW. It would be interesting 
to find out the highest limit of PW content that causes collapse of the methanogenic condition. 
Fed with higher PW content and lower nitrogen source, the nitrogen-depleted sludge could 
be obtained to investigate the characteristics of trophic relations. 
From the view of practical operation, the effect of the hydraulic retention time or the organic 
loading rate on the recirculated two-phase process remained unknown. This topic was rarely 
investigated. Grasping the characteristics of the response to the recirculated two-phase 
process helps to accelerate the biohythane fermentation. 
Moreover, the distribution of microorganisms in the recirculated two-phase process is worth 
investigation. It has been stated that the recirculation complexed the flowing pattern in the 
process, such as the expectations of retention time of the hypothetical particles from different 
entrances. Additionally, a certain species of microbe has different growth kinetics in the two 
stages, in which the conditions of temperature, pH and hydraulic retention time varied. Thus, 
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the microbial distribution in the two stages could be estimated by verifying a series of 
hypothesis. Calibrating the estimating model to meet the experimental results may help to 
unveil the internal relations within the microbial community. 
Many further questions came up with series of “how and why”: What is the critical boundary 
of the characteristics of substrates for a curtained configuration of process? Why do the VFA 
combinations in the acidogenesis seem similar? How to evaluate their similarities based on 
what property? Will the parallel systems bifurcate after long-term operation? If so, since 
when for each parameter? Can an anaerobic system seem stable when the microbial 
community varies drastically? … It is considered that some of those big questions have been 
answered by stepwise investigations but the others majorly require finest detection 
technologies. Further literature diggings could answer the questions in the first case but the 
questions in the second case can be answered only when the technology is more developed. 
 
Fig 6.2 Electricity estimation on different feeding conditions. 
TPAD
y = 11.724x + 27.017
R² = 0.9545
R-TPAD


































Fig 6.2 shows an estimation on the produced electricity after mixing different amount of PW 
in FW. The estimation was conducted by presuming a town with 400,000 people with FW 
production of 0.25 kg/capita/d. The electrical power generation efficiency was set as 30% of 
the HHV of biogas. It was shown that higher electricity could be generated with more PW 
addition. Moreover, the superiority of biogas fuel production from OFMSW with high PW 
content could be stressed when considering the recycling of the waste heat and the reduction 
of carbon dioxide emission. 
Fig 6.3 shows a future vision of source-recycling society. The two-phase biohythane process 
will be upgraded from the current anaerobic process. With less air-pollution gases, less 
unorganized carbon dioxide emission and higher combustion efficiency, biohythane will 
become a major biofuel to increase the self-sufficiency of energy in the future society. In 
order to realize such a society, the two-phase biohythane production needs to be fully 
improved to serve as the core of the waste-to-energy cycle. 
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